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Abstract: This paper presents a novel approach for the recovery of lead from waste cathode-ray tube
(CRT) glass by applying a combined chemical-electrochemical process which allows the simultaneous
recovery of Pb from waste CRT glass and electrochemical regeneration of the leaching agent. The op-
timal operating conditions were identified based on the influence of leaching agent concentration,
recirculation flow rate and current density on the main technical performance indicators. The experi-
mental results demonstrate that the process is the most efficient at 0.6 M acetic acid concentration,
flow rate of 45 mL/min and current density of 4 mA/cm2. The mass balance data corresponding to
the recycling of 10 kg/h waste CRT glass in the identified optimal operating conditions was used for
the environmental assessment of the process. The General Effect Indices (GEIs), obtained through the
Biwer Heinzle method for the input and output streams of the process, indicate that the developed
recovery process not only achieve a complete recovery of lead but it is eco-friendly as well.

Keywords: cathode ray tube; lead recovery; lead leaching and electrodeposition; environmental as-
sessment

1. Introduction

In the recent years there has been a major concern to limit the risks associated with
the manufacture of electrical and electronic equipment, the management of waste elec-
trical and electronic equipment (WEEE) in order to minimize the negative impact on the
environment [1–3]. In this regard, the European Union Regulations on Electronic Waste,
WEEE Directive 2002/96/EC, EU WEEE DIRECTIVE 2012/19/EU and RoHs 2002/95/EC,
regulate the responsibility of the member countries for the collection, use, recycling and
recovery of electronic waste [4]. Rapid growth in production and technical development in
electronics involves the accelerated replacement of outdated electronics equipment and
accumulation of large amounts of harmful WEEE [5,6], including waste cathode-ray tube
(CRT) glass from old televisions and computer monitors [7].

A CRT is composed of two different types of glass, from which one is used for the
funnel and neck sections, characterized by high levels of lead oxide and another used
for the screen which is typically a non-leaded glass that contains high levels of barium
oxide [8]. Recycling of lead from waste CRT glass is an important issue because lead is
classified as a neurotoxin that can accumulate in the soft tissues and bones, causing serious
health issues [9–11]. The high content of lead oxide (23%) in CRT funnel glasses is an
important factor that limits its landfill storage and the recycling process, as result many
states have passed bans on putting CRTs in landfills or incinerators [12,13]. Additionally,
CRT funnel glass, due to its composition, is unsuitable for applications where metal oxides
could leach into food products or ground water [14].

Materials 2021, 14, 1546. https://doi.org/10.3390/ma14061546 https://www.mdpi.com/journal/materials1
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Conventional CRT glass recycling is carried out in a closed-loop, where waste glass,
after an appropriate removal of metal and luminophore contaminants, is utilized during
manufacturing of new CRTs [15,16]. However, the above-mentioned recycling method is
insufficient, as technology develops and modern liquid crystal display (LCD), plasma or
light-emitting diode (LED) screens are introduced, the demand for CRT glass decreases [17].
As a result, it is necessary to provide the industry with new technical solutions for the
processing of waste glass which led to other products than CRTs [18]. The most common
applications of the waste glass are related to the manufacturing of different products
like conventional ceramics, aggregates and cements [19,20]. Some of the technologies
involve high temperature treatment of the CRT waste glass leading to ceramic or glass
composites used in the construction industry, mainly to manufacture bricks and roof
tiles [21,22]. The CRT waste glass cullet can be also used in the metallurgical industry to
produce ferro-silicates in the form of slag [23]. Other methods have also been developed
for the use of waste CRT glass in the production of floor coverings and chemical resistant
compounds [24].

Unfortunately, the amount of waste material that can be recycled in the above men-
tioned technologies is limited due to the fact that waste CRT glass is used without prelimi-
nary separation of harmful components, involving higher environmental risks, operation
and maintenance costs [25,26]. In order to overcome this drawback, associated with waste
CRT glass recycling, there have been attempts to remove the hazardous components like
lead employing different hydrometallurgical and pyrometallurgical processes [27–29].
These processes present some major disadvantages like insufficient lead removal efficiency
and polluting byproducts, which can be more harmful than the treated waste material [30].
Moreover, many of the studies presented in the literature lack a comprehensive overview,
by not assessing both the technical performance and environmental impact of the processes,
which is necessary to draw global conclusions [29,31].

In view of the above discussion, the recovery of lead from waste CRT glasses was
achieved by acetic acid leaching of Pb coupled with the simultaneous electrowinning of a
high purity Pb deposit and regeneration of the leaching agent. The novel process concept
defined and assessed in the current paper ensures high technical performance with a low
environmental impact, based on the influence of acetic acid concentration, recirculation
flow rate and current density on different key performance indicators and GEIs values.

2. Materials and Methods

2.1. Thermal Treatment of CRT Glass Samples

In a preliminary step the CRT glass samples with the composition presented in Table 1
were ground to a fine powder (3.5–5.5 μm) in order to promote the reaction between the
CRT glasses samples and Na2CO3. All tests were carried out in an electrical furnace at
1000 ◦C with duration of 30 min, combining 10 g of CRT glass with 24 g of Na2CO3. After
the thermal treatment the cooled samples were washed with 100 mL of distillated water in
order to selectively remove the soluble silicates and hydroxides.

Table 1. Cathode-ray tube (CRT) glass composition.

Component SiO2 TiO2 Fe2O3 Al2O3 CaO MgO Na2O K2O PbO Other Trace Elements

Concentration, wt.% 55.6 0.2 0.2 2.96 3.85 1.65 6.25 6.75 22.08 0.46

2.2. Lead Dissolution Process

The solid material obtained from the washing step was dissolved, over a period of one
hour, in 150 mL of acetic acid (CH3COOH) solution using a chemical reactor equipped with
a stirrer operated isothermally at 80 ◦C. In order to determine the optimal concentration
of acetic acid for the dissolution process, the experiments were performed at different
concentrations of CH3COOH in the range of 0.2–1 M. Glacial acetic acid of analytical purity
and bidistilled water were used to obtain the leaching solutions. Finally, the solution was
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filtered in order to separate it from the precipitated solid residues which contained mainly
SiO2. The lead concentration in the samples taken during the dissolution was determined
using an atomic absorption spectrophotometer.

2.3. Electrochemical Process Description

The installation used for lead electroextraction consisted of a storage tank of the pro-
cessed solution, connected in series with a divided electrochemical reactor (ER), operated
in galvanostatic mode. Recirculation of the solution between the storage tank and ER was
performed with a peristaltic pump. The cathode was made of stainless-steel plates and
the anode was made of graphite. Two Ag/AgCl/KClsat reference electrodes were used
to measure the cathodic and anodic potentials. All tests were performed at 22 ◦C for two
hours using a 150 mL of electrolyte containing 9.25 g/L Pb2+, 3.91 g/L Mg(CH3COO)2
and 7.24 g/L Ca(CH3COO)2 which correspond to the final composition of the leaching
solution. The experiments were performed at different flow rates (15, 30 and 45 mL/min)
and current densities (4, 8 and 12 mA/cm2). Experiments also involved the use of a
computer-controlled DC power supply, and LabVIEW software for process control and
data acquisition. The obtained Pb deposit was dissolved in concentrated HNO3 to deter-
mine the amount and purity of lead deposited. The concentration of lead in the solutions at
the end of the experiment was determined using an atomic absorption spectrophotometer.

2.4. Performance Indicators of the Lead Recovery Process

The performance of the dissolution and electro-extraction processes was evaluated on
the basis of technical performance indicators:

• Dissolution degree (%) was defined as the ratio between the amount of dissolved
lead and the initial amount of lead in the processed samples.

• Efficiency of CH3COOH utilization (%) is the ratio of the amount of CH3COOH con-
sumed in the dissolution process and the initial amount of CH3COOH in the solution.

• Specific acetic acid consumption (kg CH3COOH/kg Pb) indicates the amount of
CH3COOH consumed to dissolve one kilogram of Pb from the processed waste.

• Extraction degree (%) was calculated as the ratio of the quantity of electrodeposited
lead and the initial amount of lead in the electrolyte.

• Current efficiency (%) was defined as the ratio of the amount of electricity used to
form the cathode deposit and the total amount of electricity consumed in the process.

• Specific energy consumption for the cathodic process (kWh/kg Pb) indicates the
amount of energy used to form one kilogram of Pb deposit.

• Specific energy consumption for the anode process (kWh/kg CH3COOH) indicates
the amount of energy required to produce one kilogram of CH3COOH.

3. Results and Discussions

3.1. Dissolution of Lead from Pretreated CRT Glass

In order to determine the optimal operating conditions for the dissolution process,
the evolution of the dissolution degree at different acetic acid concentrations was quan-
tified. It can be seen from Figure 1 that the dissolution degree increases over time at all
CH3COOH concentrations, the final value being almost three times higher than the initial
one. The results also show that the concentration of the leaching agent has a decisive influ-
ence on the dissolution rate, since at the concentration of 1 M CH3COOH the dissolution
degree is three times higher than at 0.2 M CH3COOH. However, the dissolution degree
values increase only with 30% between 0.6 and 1 M CH3COOH while between 0.2 and
0.6 M CH3COOH they increase 110%, which means that above 0.6 M CH3COOH there is
no significant gain in efficiency.

3
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Figure 1. Dissolution degree vs. time at different CH3COOH concentrations.

In addition to increasing the dissolution degree with increasing CH3COOH concentra-
tion, it is important to increase the conversion of the leaching agent in order to exploit the
full potential of the leaching solution. To highlight this aspect, the efficiency of CH3COOH
utilization was determined, which indicates how much of the leaching agent was converted
under different experimental conditions compared to what could theoretically be used
for lead dissolution, taking into account the initial amount of CH3COOH in the solution.
The results from Figure 2 show that the efficiency of CH3COOH utilization is diminished
by increasing the concentration of CH3COOH, the maximum value being reached at a
concentration of 0.2 M acetic acid.
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Figure 2. Efficiency of CH3COOH utilization vs. time at different CH3COOH concentrations.

This tendency can be attributed to a partial order of reaction regarding CH3COOH
concentration which means that the amount of acetic acid transformed in the leaching
reaction does not increases proportional with the increase in initial CH3COOH concentra-
tion. The concentration profiles of Pb2+ shown in Figure 3 sustain the above explanation,
considering that the total amount of lead dissolved increases only 171% by increasing the
initial concentration of CH3COOH by 400%.
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Figure 3. Pb2+ concentration profile at different CH3COOH concentrations.

Considering that the above evaluated performance indicators give contradictory
conclusions regarding the optimal CH3COOH concentrations, the specific acetic acid con-
sumption for the leaching process was determined which gives a comprehensive overview
on the efficiency of the process. The specific acetic acid consumption values, Figure 4, show
that the lowest concentration (0.2 M) of CH3COOH allows the most efficient use of the
amount of leaching agent present in the system. In contrast, according to Figure 3, the final
Pb2+ concentration is the lowest at 0.2 M of CH3COOH which would not ensure the most
favorable conditions for the electrodeposition process of lead. Therefore, the intermedi-
ate concentration of 0.6 M CH3COOH would be a better option in comparison to 0.2 M
CH3COOH, considering that the obtained final Pb2+ concentration (9.25 g/L) represents
80% of the maximum achievable concentration under these dissolution conditions.
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Figure 4. Specific acetic acid consumption vs. time at different CH3COOH concentrations.

Additionally, taking into account the ecological aspects, to ensure a relatively advanced
removal of lead from CRT waste, but with a reasonable yield, the 0.6 M CH3COOH value
can be considered as the optimal concentration for the dissolution process.
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3.2. Lead Electrodeposition and CH3COOH Regeneration

The electrochemical recovery of lead from the leach solutions involved as main reac-
tions the simultaneous deposition of Pb at the cathode and CH3COOH regeneration at the
anode. Considering the position of Pb in the electrochemical series of metals, its formation
at the cathode is accompanied by the hydrogen evolution reaction.

Cathode:
Pb2+ + 2e− → Pb (1)

2H+ + 2e− → H2 (2)

Anode:
2H2O → 4H+ + O2 + 4e− (3)

Chemical reaction:
H+ + CH3COO− � CH3COOH (4)

According to the results, Figure 5, the extraction degree values increase with the
increase in electrolyte flow rate and current density reaching the maximum value at
45 mL/min and 12 mA/cm2. Additionally, the results reveal the fact that the extraction
degree is more strongly dependent on current density than electrolyte flow rate. It can be
observed, Figure 5, that the extraction degree values almost double with the increase in
current density by three times while for the same increase in flow rate at constant current
density increases the extraction degree by only 32%.
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Figure 5. Influence of electrolyte flow rate and current density on lead extraction degree.

As can be seen in Figure 6, in contrast to the evolution of extraction degree, the cathodic
current efficiency decreases as the current density increases, while the increase in electrolyte
flow rate has a positive impact. This can be explained by the fact that high current
densities favor the hydrogen discharge reaction, which leads to a decrease in the cathodic
current efficiency by 20–23% between the current densities of 4 and 12 mA/cm2. However,
the experimental data show that the impact of the secondary cathodic reaction is even
lower as the electrolyte flow rate is higher. In view of this tendency the maximum cathodic
current efficiency (38.08%) was obtained at the highest flow rate (45 mL/min) and the
lowest current density.
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Figure 6. Evolution of current efficiency with electrolyte flow rate at different current densities.

Since the most important performance criterion in the performance of an electrochem-
ical process is the specific energy consumption, this parameter was evaluated for both
lead deposition and regeneration of the leaching agent. From Figure 7 it can be seen that
the specific energy consumption for the cathodic process depends more strongly on the
current density than on the electrolyte flow rate and varies in the opposite direction with
the two operating parameters. Increasing the current density by three times increases the
specific energy consumption of the electrodeposition process by 197–231%, while the same
variation of the electrolyte flow reduces it by about 100%. The beneficial impact of flow rate
increase can be attributed to the more intensive transportation of Pb2+ ions to the cathode
surface which reduces the corresponding mass transport potential.
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Figure 7. Specific energy consumption values for lead electrodeposition (Wc) and CH3COOH regeneration (Wa) at different
electrolyte flow rates and current densities.

Similar conclusions can be reached related to the influence of the operating parameters
on the evolution of the specific energy consumption for acetic acid regeneration. In contrast,

7



Materials 2021, 14, 1546

Figure 7 reveals that the specific energy consumption of the anodic process is almost twice
as high as for the cathodic one. This is due to the lower molar mass of acetic acid than lead,
which leads to the generation of a lower amount of CH3COOH by consuming the same
amount of electricity.

The influence of the operating conditions on the performance of the lead electrodeposi-
tion process at the cathode and the CH3COOH regeneration at the anode is also quantified
by the thermodynamic parameters, Table 2, of the electrochemical process. Electrode
potentials confirm that lead deposition and oxygen discharge are the main electrochemical
reactions, and their increase with increasing current density indicates the negative impact of
the current density on the electrode over potentials. As can be seen from Table 2, increasing
the current density also leads to higher ohmic drops, which leads to the increase in the cell
voltage. In contrast, increasing flow rates reduce both electrode potentials and cell voltage,
indifferent of the current density value, due to increased transport of electrochemically
active species to the reaction surface.

Table 2. Thermodynamic parameters of the electrochemical process.

Flow Rate, mL/min

Eb, V εc, V εa, V

i, mA/cm2 i, mA/cm2 i, mA/cm2

4 8 12 4 8 12 4 8 12

15 2.30 3.46 5.81 −0.2 −0.34 −0.74 1.62 1.96 1.98
30 2.01 2.94 4.87 −0.15 −0.21 −0.73 1.50 1.75 2.32
45 1.71 2.42 3.94 −0.07 −0.36 −0.66 1.43 1.67 2.47

Eb—cell voltage; εc—cathode potential; εa—anode potential; i—current density.

Based on the above discussions, the optimal operating conditions were obtained at
a flow rate of 45 mL/min and a current density of 4 mA/cm2, due to the fact that the
specific energy consumption for both main electrochemical processes, Figure 7, attain the
lowest values.

3.3. Environmental Assessment of the Lead Recovery Process

The environmental assessment was performed using the Biwer–Heinzle method [32,33]
which is easily applicable in the early phases of process development and reveals the con-
tribution of each input and output substance to the overall environmental impact of the
lead recovery process.

In accordance with the Biwer–Heinzle method (Figure 8) the environmental factors
were obtained from 6 impact groups which contained 14 impact categories. All of the
components involved in the lead recovery process were allocated to a class A, B or C in each
impact category (A = 1—highly toxic substances, B = 0.3—less toxic substances, C = 0—non-
toxic substances) [32]. Next, the input and output environmental indices were determined
by combining the obtained environmental factors with the mass indices resulting from the
mass balance data corresponding with the processing of 10 kg/h CRT glass in the identified
optimal conditions. Finally, the overall environmental impact of the lead recovery process
was evaluated based on the General Effect Indices (GEIs) calculated by dividing the sum of
environmental indices by the total mass indices [33].
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Figure 8. Schematic representation of the Biwer–Heinzle method.

Among the input materials (Table 3), water has the lowest environmental impact
considering that it was allocated to class C in all seven impact categories. In contrast,
CH3COOH was assigned to class B for its acute toxicity, thermal risk and raw material
availability associated with their production. The processed waste CRT glass was assigned
to class B in impact category 5 and 6 because Pb can cause serious health issues. For the
same reason, in the case of the output streams, Pb was assigned to class B in impact category
5 and 6 together. An output stream with similar environmental impact is the waste acetic
acid solution which was also assigned to class B in impact categories 4, 5, 11 and 14
regarding its impact on air, soil and water pollution. Considering the global warming
potential of CO2, it was assigned to class B in impact category 8. The other output streams,
H2O and SiO2 have the lowest environmental impact, considering that they were allocated
to class C in all 11 impact categories, being valuable secondary products of the developed
process together with the resulting lead acetate, calcium acetate and magnesium acetate.

The GEIs values from Table 4 indicate that the environmental impact of the output
streams is lower than for the input streams, which means that the developed process lowers
the environmental impact of waste CRT glass through the recovery of lead.
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Table 3. Input impact assessment.

Input Impact Categories
Environmental

Factors
Environmental

Index

Streams Quantity (kg/h) Mass Index 1 2 3 4 5 6 7 EF EI

Waste CRT 10 4.96 C C C C B B C 0.075 0.372
Sodium

carbonate 7.8 3.87 C C C B C C C 0.075 0.290

Acetic acid 1.55 0.77 B C C B B C C 0.225 0.173
Water 50 24.81 B C C B B B C 0 0.000

Total: 69.35 34.41 Environmental Index, EIinputs: 0.835

General Effect Index, GEIinputs: 0.024

Table 4. Output impact assessment.

Output Impact Categories
Environmental

Factors
Environmental

Index

Streams Quantity (kg/h) Mass Index 4 5 6 7 8 9 10 11 12 13 14 EF EI

Lead 2.02 1.00 C B B C C C C C C C C 0.075 0.075
Lead

acetate 0.09 0.05 C B B C C C C C C C C 0.075 0.004

Calcium
acetate 1.21 0.60 C B C C C C C C C C C 0.075 0.045

Magnesium
acetate 0.62 0.31 C B C C C C C C C C C 0.075 0.023

Slicon
dioxide 1.27 0.63 C C C C C C C C C C C 0 0.000

Waste
acetic
acid

1.16 0.57 B B C C C C C B C C B 0.3 0.172

CO2 3.24 1.61 C C C C B C C C C C C 0.075 0.121
Gases
(O2,

H2,...)
3.19 1.58 C C C C B C C C C C C 0.075 0.119

Wastewater 56.55 28.06 C C C C C C C C C C C 0 0.000

Total: 69.35 34.41 Environmental Index, EIoutputs: 0.558
General Effect Index, GEIouputs: 0.016

Since the input and output streams have GEIs values close to the minimum possible
(0), according to the Biwer–Heinzle method, it means that globally the process has low
environmental impact. Nevertheless, caution and special protective measures must be
applied when handling concentrated CH3COOH solutions.

4. Conclusions

The results demonstrate that the developed combined chemical–electrochemical pro-
cess can be efficiently applied for the recovery of Pb from waste CRT glass in the form
of metallic Pb. It was found that the Pb dissolution process from the pre-treated waste
CRT glass samples is most effective at a concentration of 0.6 M CH3COOH, a consider-
ation which ensures equilibrium between the yield of dissolution process and leaching
agent consumption. Based on the specific energy consumption, it can be concluded that
the electrochemical process is carried out with the highest performance at a flow rate of
45 mL/min and a current density of 4 mA/cm2, leading to the formation of a high purity Pb
deposit (99.98 wt.%) and CH3COOH regeneration. In the identified operating conditions,
the amount of metallic lead recovered in one hour of processing represents ~10% of the
lead present in the treated waste material the rest is in form of dissolved lead acetate.
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The environmental impact assessment of the Pb recovery process was performed
successfully in the early phases of process development by applying the Biwer–Heinzle
method and the corresponding mass balance data for the treatment of 10 kg/h waste CRT
glass. Based on the GEIs values obtained for the input and output streams, it can be stated
as an overall conclusion that the novel approach for the recovery of lead from waste CRT
glass proved to be a promising alternative with low environmental impact. Still, further
studies are recommended in order to model, simulate and scale up the process for higher
production and assess its economic performance.
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Abstract: The aim of this study is to assess the possibility of obtaining phosphate cements based on
dolomite calcined at various temperatures with/without quartz sand addition. A lower calcination
temperature of dolomite (1200 ◦C) determines a high increase in the system temperature when
calcined dolomite is mixed with KH2PO4 (MKP) solution and also a rapid expansion of the paste.
The increase in calcination temperature up to 1400 ◦C reduces the oxides reactivity; however, for lower
dosages of MKP, the expansion phenomenon is still recorded. The increase in MKP dosage increases
the compressive strength due to the formation of K-struvite. The mixing of dolomite with sand,
followed by thermal treatment at 1200 ◦C, modifies its composition and reactivity; the compressive
strength of phosphate cements obtained by mixing this solid precursor with MKP increases up to
28 days of curing. We assessed the nature of hydrates formed in the phosphate systems studied by
X-ray diffraction in order to explain the hardening processes and the mechanical properties of these
systems. The microstructure and elemental composition of hardened cement pastes were assessed
by scanning electronic microscopy with energy-dispersive spectroscopy. The phosphate cements
based on calcined magnesite or dolomite were used to immobilize an industrial hazardous waste
with high chromium content. The partial substitution of calcined magnesite/dolomite with this
waste determines an important decrease in compressive strengths. Nevertheless, the leaching tests
confirm an adequate immobilization of chromium in some of the matrices studied (for a waste dosage
corresponding to 0.5 wt % Cr).

Keywords: phosphate cements; calcined dolomite; quartz sand; calcined magnesite; temperature;
K-struvite; industrial waste; chromium

1. Introduction

Magnesium phosphate cement (MPC) hardens due to an acid–base reaction between
magnesia (MgO) and phosphate acid or a phosphate salt solution [1–4]. The usual source
of magnesium oxide is magnesite (magnesium carbonate), which is thermally treated at in-
creasing temperatures to obtain caustic calcined magnesite/magnesia (CCM), dead burned
magnesite/magnesia (DBM), and fused magnesia (FM). CCM has numerous applications
such as hydrometallurgy, steel industry, ceramic and cement manufacture, fertilizers, wa-
ter treatment, etc. [5,6]. DBM and FM are mainly used in the manufacturing process of
refractory materials [5], but DBM is also a key ingredient in MPC manufacture.

In the 2014 “Report on critical raw materials for EU”, magnesite was identified as a
critical raw material [5]. Taking into account this aspect, it is important to find alternative
sources of raw materials for the manufacture of MPC.

Dolomite is a sedimentary rock containing calcium and magnesium carbonates [7,8].
Dolomite is an important material in various industries such as the pharmaceutical industry,
metallurgy, the production of paper, inorganic binders, concrete, fertilizer, refractory bricks,
water treatment, absorption of heavy metals, etc. [8–10].

Materials 2021, 14, 3838. https://doi.org/10.3390/ma14143838 https://www.mdpi.com/journal/materials13
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The calcination of dolomite is used to transform this mineral into magnesium and
calcium oxides. Depending on the experimental conditions, i.e., chemical composition
of dolomite, presence and amount of impurities, grain size distribution, decomposition
temperature and atmosphere (air, carbon dioxide, nitrogen etc.), the thermal decompo-
sition of dolomite in MgO and CaO can proceed in one or several steps (endothermic
processes) [8,11–13].

Yu et al. [14] studied the possibility of using dolomite as raw material to produce
magnesium phosphate cement. According to these authors, mixing fine dolomite with
coarse quartz sand and thermal treatment at relatively low temperatures (1100–1250 ◦C)
substantially reduces the amount of free lime, and the MgO obtained has an adequate
reactivity vs. phosphate salt (NH4H2PO4). The compressive strengths of phosphate
cements pastes prepared with this type of calcined dolomite can reach 22 MPa after 3 h of
hardening and 63 MPa after 7 days, with sufficient soundness [14].

MPCs can be used for the immobilization of various types of wastes with heavy
metals content such as Ni, Pb, Cr, Cd, etc. [15–19]. Heavy metals are toxic and can cause
serious health problems. Chromium (especially Cr (VI)) has an important toxic effect; it
can produce skin irritation and ulcerations as well as liver and kidney deficiency and, if
inhaled, it increases lung cancer risk [20].

Deng et al. [16] studied the influence of Cr3+ (brought in the system by Cr(NO3)3·9H2O)
on the compressive strength, microstructure, as well as leaching toxicity of solidified forms
into MPCs based on calcined magnesite and KH2PO4. According to these authors, the
presence of Cr3+ changed the system’s pH and affected the morphology of hydration
products; however, the MPCs leaching toxicity was less than the one assessed for other
matrices i.e., geopolymer, calcium aluminum cement, and alkali-activated slag binders.

Therefore, we assessed in this paper the possibility of producing phosphate cements
by replacing calcined magnesite with dolomite thermally treated at various tempera-
tures, with/without quartz sand addition. We also evaluated the efficiency of magnesium
phosphate cements (MPC) based on calcined magnesite and magnesium and calcium phos-
phate cements (MCPC) based on calcined dolomite in order to immobilize an industrial
waste with high chromium content. To the best of our knowledge, the immobilization of
chromium in phosphate cements based on calcined dolomite has been first reported in
this paper.

2. Materials and Methods

The precursors used in this study were as follows:

• Calcined magnesite (M), industrial product (Tremag, Tulcea, Romania), obtained
by the calcination of magnesite at 1500 ◦C; the residue on sieve 90 microns mesh
was 7.93%.

• Calcined dolomites, obtained by thermal treatment of natural dolomite (Rodbungrup,
Bucharest, Romania) at 1200 ◦C (D12) and 1400 ◦C (D14) for 3 h. The natural dolomite
had a content of 47% CaCO3 and 37.5% MgCO3 and a residue on 90 microns mesh
of 24.83%. After the thermal treatment, the calcined dolomites were ground up to a
fineness corresponding to total passing through a 90 microns sieve.

• Calcined mixture of dolomite and quartz sand (D12S); the sand (Societe Nouvelle
du Litoral, Leucate, France) had a fineness corresponding to total passing through a
200 microns sieve. The dolomite to quartz sand ratio was 1.5, and the thermal treat-
ment was performed at 1200 ◦C for 1 h, based on the results reported by Yu et.al. [14].
The rate of heating was 10 ◦C/minute, and the cooling was performed in the oven.

• Potassium dihydrogen phosphate (KH2PO4—MKP), chemical reagent Sigma-Aldrich
(Darmstadt, Germany).

• Setting retarder—borax (B)—chemical reagent Sigma-Aldrich (Darmstadt, Germany).
• Industrial waste with high chromium content (2.71%) in the form of CaCrO4.2H2O [21];

CaCO3, Mg(OH)2, and Ca(OH)2 were also detected by X-ray diffraction in this waste.
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The waste also contains Si, Al, Fe, and S as well as very small amounts of As, Ba, Cu,
Hg, Mn, V, W, Zn and Zr [21].

The compositions of the magnesium (and calcium) phosphate cements are presented
in Table 1.

Table 1. Compositions of phosphate cements based on calcined magnesite (M) and calcined dolomite (D) with/without
chromium waste.

Sample

Calcined
Magnesite

(M)
wt %

Calcined
Dolomite

(D)
wt %

KH2PO4

(MKP)
wt %

Borax *
(B)

wt %

Sand
wt %

Cr Waste
**

% wt %

M or D to
MKPRatio

(wt)

Water to
Solid
Ratio
(wt)

Calcination
Temperature

(◦C)

M_MKP_4_B3.3 80 - 20 3.3 - - 4 0.2 1500
M_MKP_4_B3.3_Cr 1 50.4 - 12.6 3.3 - 37 4 0.35 1500
M_MKP_4_B3.3_Cr_0.5 64.8 - 16.2 3.3 - 19 4 0.35 1500

D12_W - 100 - - - - - 0.8 1200
D12_MKP_4 - 80 20 - - - 4 0.67 1200

D12_MKP_B3.3_4 - 80 20 3.3 - - 4 0.67 1200
D12_MKP_2.5 - 71.43 28.57 - - - 2.5 0.55 1200
D12S_MKP_2 - 40.2 33 - 26.8 - 2 0.2 1200
D14_MKP_4 - 80 20 - - - 4 0.3 1400
D14_MKP_2 - 67 33 - - 2 0.2 1400

D14_MKP_2_Cr1 - 42 21 - - 37 2 0.35 1400
D14_MKP_2_Cr0.5 - 54 27 - - 19 2 0.35 1400
D12S_MKP_2_Cr0.5 - 32.4 27 - 21.6 19 2 0.2 1200

* Borax dosage was calculated with reference to calcined magnesite or calcined dolomite. ** Cr waste was dosed to bring in the system
0.5 wt % Cr and 1 wt % Cr; Cr waste substitutes the oxide + phosphate salt mixture.

The specimens were obtained by the mixing of solid component (calcined magnesite
or calcined dolomite) with potassium dihydrogen phosphate, water, and in some cases
borax; the resulting paste was poured in rectangular molds (15 mm × 15 mm × 60 mm-
width × heigh × length). The curing of specimens was performed in the mold the first
24 h and then, after demolding, in air at 20 ± 2 ◦C.

The reactive CaO and MgO content (available for the reaction with water) of calcined
dolomite was determined according to the method presented in the standard SR EN 459-
2 [22]. The available (unbound) CaO and MgO and corresponding hydroxides are dissolved
in a sucrose solution and titrated with hydrochloric acid.

A Shimadzu XRD 6000 (Shimadzu, Kyoto, Japan), CuKα (λ = 1.5406 Å), 2θ ranging
between 10 and 60, a 0.02 step size, and a 2 deg./min scan speed was used for X ray
diffraction analyses.

The microstructure of pastes was assessed by Scanning Electron Microscopy (SEM)
using an FEI Inspect F50 (Thermo Fisher—former FEI, Eindhoven, Nederland) electronic
microscope equipped with a Schottky emission electron beam with a resolution of 1.2 nm at
30 kV and 3 nm at 1 kV (BSE). In this analysis, the freshly fractured samples were visualized
in a vacuum mode using a 30 kV acceleration voltage and spot 3.5.

A differential thermal analyzer Shimadzu DTG-TA 51H (Shimadzu, Kyoto, Japan)
was used for complex thermal analysis (DTA-TG); the analyses were performed in air, with
a heating rate of 10 ◦C/minute, in the temperature range 20–1000 ◦C.

Prismatic specimens (15 mm× 15 mm × 60 mm- width × heigh × length), cured for 1
up to 28 days in air at 20 ± 2 ◦C, were employed for the assessment of compressive strength
using a Matest testing machine (Matest, Treviolo, Italy). For the calculation of average
compressive strength, a minimum of 6 compressive strength values were considered. The
outliers (±10%) were not considered in calculation.

The chromium leaching test was performed according to the method presented in
standard SR EN 12457-4: 2003 [23]. The MPC and MCPC specimens, hardened in air at
20 ± 2 ◦C for 28 days, were triturated and sieved; the particles smaller than 10 mm were
mixed with water (water to solid ratio was 10). The resulting suspension was stirred for
24 h at a rate of 10 rpm by means of an orbital shaker (Heidolph Instrument Gmbh&Co.KG,
Schwabach, Germany); next, the suspension was filtered, and the leachate was mixed with
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nitric acid to achieve a pH lower than 2. An atomic absorption spectrometer (Analytik,
Jena, Germany) was used to assess the heavy metals concentration in the leachate.

3. Results

The X-ray diffraction patterns of natural dolomite presented in Figure 1 confirm the
presence of dolomite (CaMg(CO3)2) along with a small amount of calcite (CaCO3).

Figure 1. XRD patterns of dolomite and dolomite calcined at 1200 ◦C (D12) and 1400 ◦C (D14) for 3 h.

The complex thermal analysis of dolomite (Figure 2) shows on the DTA curve an
endothermic process with a shoulder at approximately 650 ◦C and maximum at 800 ◦C
with a corresponding weight loss of 46.35% (assessed on TG curve). This process, which
ends at 850 ◦C, can be attributed to the decarbonation of the magnesium carbonate and the
calcium carbonate with CaO and MgO formation [8,11–13].

In correlation with previous results, the thermal treatment of dolomite at 1200 ◦C
and 1400 ◦C leads to the transformation of calcium magnesium carbonate (083-1530) and
calcium carbonate (072-1652) into magnesium oxide (004-0829) and calcium oxide (082-
1690) (Figure 1). There are no significant differences between the XRD patterns of dolomite
thermally treated at these two temperatures.

The mixing of dolomite with quartz sand and thermal treatment at 1200 ◦C for 1 h de-
termines, as expected, the formation of calcium and/or magnesium silicates (see Figure 3).
The XRD patterns presented in Figure 3 also show the presence of SiO2 along with MgO.
The intensities of XRD peaks of CaO are much smaller (as compared with those assessed
on D12 and D14 XRD patterns—Figure 1) due to its partial consumption in the reaction
with SiO2.
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Figure 2. TG-DTA curves of dolomite.

Figure 3. XRD patterns of dolomite with sand calcined at 1200 ◦C (D12S) for 1 h.

The amount of reactive calcium and magnesium oxides assessed by the method
presented in SR EN 459-2 [22] in the dolomite thermally treated for 3 h at 1200 ◦C was
54.13%, and for the dolomite calcined at 1400 ◦C, it was 22%. The decrease of oxides’
reactivity when the thermal temperature increases is due, as in the case of thermal treatment
of limestone, to the increase of oxides’ crystals sizes correlated with the decrease of porosity,
when the material is thermally treated at a higher temperature [24–27].

The mixing with water (W) or KH2PO4 solution (MKP) determines, for the specimens
based on the dolomite calcined at 1200 ◦C, an intense and rapid heat release (Table 2),
due to the hydration of MgO and CaO (in the case of D12_W) and to the reaction with the
MKP (in the case of D12_MKP_4 and D12_MKP_2.5). It has been noticed that a decrease of
MKP content determines a slower heat release corresponding to the exothermic processes
specific for the setting and hardening of these phosphate systems i.e., the maximum
temperature assessed on pastes is reached after a longer time (see D12_MKP_4 as compared
to D12_MKP_2.5—Table 2).
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Table 2. Maximum temperature (Tmax) and corresponding time (tmax) for the studied binders.

Sample Tmax * (◦C) tmax ** (min) Obs.

D12_W 98 4 Expansion

D12_MKP_4 90 26 Expansion

D12_MKP_2.5 90 10 Expansion
* Tmax—maximum temperature (◦C) of paste assessed after the mixing of precursors; ** tmax—time (minutes)
corresponding to Tmax.

Figure 4 shows the XRD patterns of sample D12_W after 3 days of hardening. It can be
observed the presence of Ca(OH)2 (084-1276) resulting from the hydration of CaO and the
presence of Mg(OH)2 (084-2163) resulting from the hydration of MgO—both exothermic
processes that explain the significant temperature increase; the presence of MgO peaks on
the XRD patterns confirms the smaller reactivity vs. water of this oxide as compared to
CaO [24,27,28], which correlates with the thermal treatment temperature and plateau.

Figure 4. XRD patterns of paste obtained by mixing of water with dolomite calcined at
1200 ◦C/3 h (D12_W).

On the XRD patterns of cements based on dolomite with/without borax and MKP
(Figure 5a) can be noticed the presence of calcium and magnesium hydroxides as well as
the presence of hydroxyapatite (HAp)—which resulted in the reaction of calcium with
phosphate, which was brought into the system by the potassium dihydrogen phosphate
(MKP). The formation of HAp is also facilitated by the basicity of this system (the addition
of MKP to the calcined dolomite + water mixture shifts the pH value at 8–9).
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(a) 

(b) 

Figure 5. XRD patterns of the paste obtained by mixing water with potassium dihydrogen phosphate
(with/without borax) and dolomite calcined for 3 h at (a) 1200 ◦C; (b) 1400 ◦C.

Due to the high reactivity vs. water or MKP solution of dolomite calcinated at 1200 ◦C,
phosphate cements based on dolomite calcined at 1400 ◦C were also obtained.

Figure 5b shows the XRD patterns of phosphate cements based on dolomite calcined
at 1400 ◦C prepared with different dosages of potassium dihydrogen phosphate (MKP).
In the case of the specimens with a higher dosage of KH2PO4 (D14_MKP_2) along with
XRD peaks specific for magnesium oxide (004-0829), calcium oxide (082-1690), calcium
hydroxide (084-1276) and HAp (084-1998) (which are also present on XRD patterns of
D14_MKP_4) appear also XRD peaks specific for K-struvite (KMgPO4.6H2O)(020-0685).
Due to the higher reactivity of CaO as compared to MgO [24,27,28], HAp is the first
reaction product formed in this system; if there are still available phosphate groups in the
solution, K-struvite is formed by their reaction with magnesium. The presence of K-struvite
contributes to the increase of mechanical strength [29,30].
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These results are in correlation with the values of compressive strengths, which are
presented in Table 3. The higher compressive strengths were assessed for the MPC based on
calcined magnesite (M_MKP_4_B3.3) in which the main reaction product is K-struvite [30].
The specimens based on dolomite calcined at 1400 ◦C have recordable strengths only when
the MgO/KH2PO4 ratio is 2, i.e., when K-struvite is detected in the hardened paste.

Table 3. Compressive strengths versus time. Influence of Cr waste presence.

Specimens
Compressive Strength (MPa)

1 Day 3 Days 7 Days 28 Days

M_MKP_4_B3.3 16.87 21.62 26.5 27.1
M_MKP_4_B3.3_Cr0.5 0.6 1 1.15 1.5
M_MKP_4_B3.3_Cr1 0 0 0 0

D14_MKP_4 0 0 0 0
D14_MKP_2 7.1 10.8 12.2 0

D14_MKP_2_Cr0.5 1.5 1.7 2 0
D14_MKP_2_Cr1 0 0 0 0

D12S_MKP_2 2.8 6.3 7.2 9.2
D12S_MKP_2_Cr0.5 0 3.5 5.4 5.4

In order to assess the influence of chromium waste on the composition of hardened
phosphate cements, pastes with various amounts of waste were prepared (Table 1). The
XRD patterns of the pastes based on calcined magnesite (M) and dolomite calcined at
1400 ◦C (D14) with a dosage of chromium waste corresponding to 0.5 wt % Cr are presented
in Figure 6.

Figure 6. XRD patterns of the specimens based on calcined magnesite or dolomite calcined at 1400 ◦C
with chromium waste corresponding to 0.5 wt % Cr.

For the paste based on magnesite (M_MKP_4_B3.3_Cr0.5), one can assess through this
method the presence of MgO and K-struvite (KMgPO4.6H2O). The substitution of calcined
magnesite with chromium waste determines an important decrease of the compressive
strengths (Table 3), which could be due both to the smaller amount of K-struvite formed in
the system (chromium waste substitute calcined magnesite and MKP) as well as the increase
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of water dosage (from 0.2 to 0.35—see Table 1) necessary to improve the workability of
fresh paste.

For the specimen based on calcined dolomite (D14), the presence of chromium waste
seems to inhibit the K-struvite formation (see also Figure 5b). This explains the decrease of
compressive strengths values as compared with those recorded for specimen D14_MKP_2,
with the increase of Cr content (see Table 3). However, after 7 days of hardening, the
compressive strength of specimens based on D14 (D14_MKP_2 and D14_MKP_2_Cr0.5)
dramatically decrease, which is most probably due to a delayed hydration of free CaO
and MgO.

Therefore, in order to reduce the free lime content and to obtain magnesium oxide
with an adequate reactivity, while keeping the same thermal treatment temperature of
1200 ◦C, a mixture of dolomite and quartz sand was thermally treated at this temperature
for 1 h, based on the method proposed by Yu et al. [14].

The XRD pattens of the phosphate cement based on dolomite + sand calcined at
1200 ◦C—D12S (Figure 7) show the presence of hydrates i.e., K-struvite and Ca(OH)2 along
with MgO, SiO2, and Mg2SiO4 assessed in D12S (see Figure 3). The presence of chromium
waste does not change the nature of the reaction products (hydrates) assessed by this
method (Figure 7).

Figure 7. XRD patterns of the pastes obtained by mixing potassium dihydrogen phosphate and
dolomite + sand calcined for 1 h at 1200 ◦C, with/without chromium waste.

In correlation with the above presented data, the compressive strengths of phosphate
cements based on dolomite + sand calcined at 1200 ◦C (D12S_MKP_2) are lower in compari-
son to the ones assessed for the phosphate cement based on magnesite (M_MKP_B3.3_4);
however, these values steadily increase up to 28 days (Table 3). This compressive strength
evolution can be related to the formation of K-struvite (assessed by XRD) and to the
presence of sand grains, which act as aggregates (Figure 8).

Figure 9 presents the SEM images and elemental compositions assessed by EDX on
various areas of D12S_MKP_2 cement paste. As can be seen from Figure 9a, in area 1, the
atomic ratio of K:Mg:P is 13.25:13.14:14.14 confirming the presence of K-struvite in these
specimens; the elemental compositions in area 3 (Figure 9a) and area 1 (Figure 9b) show
the presence of Ca together with Mg, K, and P, which suggest a complex composition of
these hydrates [14].
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Figure 8. BSE images of D12S_MKP_2.

Figure 9. SEM images and EDX analyses of D12S_MKP_2 cement paste at different magnifications: (a) ×500; (b) ×10,000.
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For the cement paste based on D12S, the presence of chromium waste (in a dosage
corresponding to 0.5 wt % Cr) determines a reduction of compressive strengths in compari-
son to the cement without Cr (D12S_MKP_2); however, these values increase up to 28 days
(Table 3). The decrease of compressive strengths can be explained by the lower amount of
MgO (sand partially substitutes the dolomite) available in this system for the formation
of K-struvite.

For a better understanding of the correlation between the morphology/composition
and properties of D12S_MKP_2_Cr0.5, SEM and EDX analyses were performed on this
specimen (Figure 10). As it can be noticed, the sand grains are embedded in a continuous
matrix (Figure 10a) in which are present plate-like and prismatic crystals intermixed with
agglomerates of small grains (Figure 10b). The coherence of this matrix seems to be much
lower in these specimens in comparison to the one without Cr (Figure 9), which can explain
the lower mechanical strength values.

Figure 10. SEM images and EDX analyses of D12S_MKP_2_Cr0.5 paste, at different magnifications: (a) ×500; (b) ×2000;
(c) ×2000.
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The EDX analysis performed in three areas on SEM image presented in Figure 10c
shows the presence of Cr, Al, and Fe (from waste [21]) mainly in area 2, which suggests the
presence of a waste grain embedded in a layer (matrix) with Ca, K, and P content.

To assess the efficiency of the studied MPC and CMPC to immobilize Cr, a leaching
test (described in SR EN 12457-4: 2003 [23]) was performed for phosphate cement pastes
hardened for 28 days. The results are presented in Figure 11.

Figure 11. Cr content in levigates.

In Figure 11, one can observe that the MPCs based on calcined magnesite are effective
for the immobilization of chromium even for a high waste content (M_MKP_4_B3.3_Cr1);
the Cr content determined in leachate is below the limit stipulated by the Romanian Ministe-
rial Order OM 95/2009 [31] for both phosphate cement pastes based on calcined magnesite.

The good immobilization of Cr in the MPCs based on calcined magnesite (M) can
be explained by the presence of K-struvite, which could play an important role [16,32].
Rouff [32] reported Cr adsorption or/and substitution in the struvite (NH4.H2PO4.6H2O),
which precipitates from concentrate solutions of MgCl2.6H2O and (NH4)2HPO4, with
Cr(NO3)3.9H2O or Na2CrO4 additions.

For the phosphate cements based on calcined dolomite, only the one based on dolomite
calcined at 1400 ◦C with a waste content corresponding to 0.5 wt % Cr (D14_MKP_2_Cr0.5)
fulfills the legal requirement. The reduced efficiency in immobilization of Cr in this type
of cement can be due to the inhibition of K-struvite formation (suggested by XRD data—
Figure 6). Nevertheless, the presence of hydroxyapatite (HAp) in this composition could
contribute to the immobilization of Cr [33,34], explaining the low amount of chromium
levigated in the CMPC with a lower chromium waste content (0.5 wt. %).

The high Cr content assessed in the levigate of the CMPC based on D12S can be due to
a low amount of K-struvite formed in this cement, due to partial substitution of dolomite
with quartz sand.

4. Conclusions

In this study, we obtained and studied the properties of magnesium phosphate and cal-
cium magnesium phosphate cements based on calcined magnesite and calcined dolomite (at
different temperatures) with/without sand addition and potassium dihydrogen phosphate.

The following conclusions can be drawn:

• The thermal treatment of dolomite at 1200 ◦C and 1400 ◦C leads to the decomposition
of calcium magnesium carbonate into CaO and MgO. The increase in calcination
temperature, from 1200 to 1400 ◦C reduces the reactivity of calcium and magnesium
oxides vs. water or phosphate (MKP) solution; for the phosphate cements based on
dolomite calcined at 1200 ◦C, an important increase in paste temperature during the
setting and paste’s expansion was noticed due to the high reactivity of oxides (CaO
and MgO); the increase of thermal treatment temperature at 1400 ◦C determines a
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decrease of the oxides’ reactivity, and for a higher KH2PO4 dosage (corresponding to
D14/KH2PO4 = 2 weight ratio), the pastes have measurable compressive strength at
early ages. Nevertheless, for all specimens based on dolomite calcined at 1400 ◦C, the
compressive strengths dramatically decrease after 7 days of hardening, which is most
probably due to a delayed hydration of CaO and MgO.

• The main compounds observed in hardened phosphate binders based on calcined
dolomite were calcium and magnesium hydroxides; in the case of specimens with
a lower dosage of MKP (corresponding to D14/MKP = 4 weight ratio)—along with
Ca(OH)2 and Mg(OH)2, a new compound was detected by XRD—hydroxyapatite
(HAp); HAp results from the reaction of calcium with phosphate, which is brought into
the system by MKP. For a higher dosage of MKP (corresponding to D14/MKP = 2 weight
ratio) on the XRD patterns, peaks specific for the K-struvite (KMgPO4.6H2O) com-
pound are also present.

• In order to obtain a solid precursor for CMPC synthesis by the calcination of dolomite
at relatively low temperature, a mixture of dolomite and quartz sand was thermally
treated at 1200 ◦C for 1 h. The compressive strengths of resulting CMPC are lower in
comparison with those assessed on phosphate cement based on calcined magnesite;
however, they steadily increase up to 28 days. The lower values of compressive
strengths assessed on these compositions are mainly due to the lower content of MgO
available in this type of calcined dolomite (D12S) for the formation of K-struvite.

• The partial substitution of calcined magnesite and calcined dolomite with an industrial
waste product with chromium content (corresponding to a Cr dosage of 0.5 wt % and
1 wt %) led to a significant decrease of compressive strength. In the case of MPC based
on calcined magnesite, this decrease can be explained by the reduction of K-struvite
amount due to the replacement of calcined magnesite and KH2PO4 with chromium
waste, as well as by the increase of the water-to-solid ratio (necessary to obtain an
adequate workability). For the CMPC based on dolomite calcined at 1400 ◦C (D14), the
replacement of active components (D14 and KH2PO4) with chromium waste further
inhibits the formation of K-struvite, and the compressive strengths decrease with
the increase of the waste content. In the case of CMPC based on D12S, the lower
compressive strengths assessed for specimen with chromium waste are also explained
by the lower amount of K-struvite formed in this system (due to the decrease of MgO
available for the reaction with KH2PO4).

• Phosphate cements based on calcined magnesite with a waste content corresponding
to 1 and 0.5 wt % Cr can effectively reduce the Cr leaching for pastes cured for
28 days; in the case of phosphate cements based on calcined dolomite (D14), it was
found that for a waste dosage corresponding to 0.5 wt % Cr, after 28 days of curing,
the concentration of leached Cr is below the limit value imposed by the legislation
currently in force. Nevertheless, considering the evolution of mechanical strength
vs. time for this phosphate cement, it seems necessary to extend the evaluation of
leached chromium for longer curing times (over 28 days). Although the CMPCs based
on D12S developed adequate compressive strengths even at longer hardening times
(28 days), the amount of chromium leached exceeded the limit imposed by the current
legislation most probably due to the decrease of K-struvite content. The chromium
immobilization in this type of CMPC can be improved if the appropriate amount of
D12S (or chromium waste) is selected.
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Abstract: This review article proposes the identification and basic concepts of materials that might
be used for the production of high-performance concrete (HPC) and ultra-high-performance concrete
(UHPC). Although other reviews have addressed this topic, the present work differs by presenting
relevant aspects on possible materials applied in the production of HPC and UHPC. The main
innovation of this review article is to identify the perspectives for new materials that can be considered
in the production of novel special concretes. After consulting different bibliographic databases, some
information related to ordinary Portland cement (OPC), mineral additions, aggregates, and chemical
additives used for the production of HPC and UHPC were highlighted. Relevant information on the
application of synthetic and natural fibers is also highlighted in association with a cement matrix
of HPC and UHPC, forming composites with properties superior to conventional concrete used in
civil construction. The article also presents some relevant characteristics for the application of HPC
and UHPC produced with alkali-activated cement, an alternative binder to OPC produced through
the reaction between two essential components: precursors and activators. Some information about
the main types of precursors, subdivided into materials rich in aluminosilicates and rich in calcium,
were also highlighted. Finally, suggestions for future work related to the application of HPC and
UHPC are highlighted, guiding future research on this topic.

Keywords: high-performance concrete; ultra-high-performance concrete; fibers; mechanical strength;
alkali-activated cement; geopolymers

1. Introduction

With the advancement of cement science and technology and due to the necessity for
slender and bolder structures, conventional concrete (CC), also named as normal strength
concrete [1], no longer meets the requirements for the execution of these works. In this
context, other concretes and other cementitious mixtures, with properties superior to CC,
emerged to meet this need. This is the case for high-strength concrete (HSC) [2], high-
performance concrete (HPC) [1,3] and, more recently, ultra-high performance concrete
(UHPC) [3,4].

Another important aspect of using HPC and UHPC is the environmental issue, as
these concretes provide lower values of binder intensity (bi). This index measures the total
amount of binder needed to provide one unit of a given performance indicator, for example,
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compressive strength in MPa, as per Equation (1). In this sense, the application of these
types of concrete provides an ecological gain, due to the reduction in cement consumption
to reach the same level of compressive strength [5,6].

bi =
b
σ

(1)

where b is the total consumption of binder materials (kg·m−3) and σ is the compressive
strength (MPa) at 28 days.

It is very common to confuse these terms, due to the absence of technical standards
that provide satisfactory definitions for these materials. Some standards for concrete
structures, such as NBR 8953 [7], NBR 6118 [8], ACI 363 [9], ACI 318 [10], and BS EN
1992 [11], differentiate two classes of concrete, as a function of characteristic compressive
strength (fck). For instance, class I concretes have a compressive strength between 20
and 50 MPa, while class II concretes have a strength between 55 and 100 MPa. It can be
considered that class I concretes be associated with the CC while class II concretes are
related to HSC.

While the definition of HSC is based only on compressive strength, the definition of
HPC and UHPC is related to performance, which includes not only mechanical strength
but also workability, aesthetics, finish, integrity, and durability [12,13]. Despite not being
unanimous, a satisfactory definition for the HPC is that this concrete presents a compressive
strength equivalent to the HSC, that is, fck above 50 or 55 MPa [2,14], but presents a
workability equivalent to self-compacting concrete (SCC), that is, a spread between 455
to 810 mm by the slump-flow test [1,15,16]. Regarding the water/binder factor (w/b),
some authors suggest that this factor should be less than 0.40 [17–19], contrary to what is
observed in conventional concretes, where the w/b factor ranges from 0.45 to 0.65 [20–22].
Regarding cement consumption, it is usual for it to be between 400 to 700 kg/m3 [23–26],
while for CC, the cement consumption is usually between 260 to 380 kg/m3 [25,27,28].

The UHPC, on the other hand, presents even greater requirements. Some authors
suggest a minimum strength of 120 MPa [13,29], while others stipulate a minimum of
150 MPa [30,31], with a fluidity equivalent or greater than HPC, in addition to low porosity.
In theory, a concrete that presents a strength above class II could be considered a concrete
with a mechanical performance superior to HSC or HPC. In other words, these materials
would compose a kind of strength class III, where the UHPC fits. These properties are
achieved using a w/c ratio between 0.2 to 0.3 [32,33] associated with a very high cement
consumption, around 800 to 1000 kg/m3 [34,35]. In addition, UHPC is usually produced
without the use of coarse aggregates, which theoretically turns it into a mortar, allowing the
evaluation of workability to be carried out by the flow table test. Some authors recommend
that flow table measurements be greater than 260 mm, without the application of blows to
the material [36]. All this information is summarized in Table 1, which presents the main
characteristics of the concretes discussed in this literature review.

Table 1. Properties of different types of concrete.

Concrete Abbreviation
Compressive

Strength (MPa)
w/b Ratio Workability (mm)

Cement
Consumption

(kg/m3)

Conventional CC 20–50 0.45–0.65 NA 260–380

High Strength HSC 55–100 NA NA 400–700

High Performance HPC 55–100
50–100 <0.4 455–810 (slump

flow) 400–700

Ultra-High
Performance UHPC

>100
>120
>150

0.2–0.3 >260 (flow table
without drops) 800–1000

NA—Not applicable.
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Another way to understand the difference between the concretes presented in Table 1,
from the point of view of compressive strength. This is one of the reasons for the need
to apply fibers in UHPC, which will be further discussed in this paper. In addition to
conventional (i.e., steel and polymeric) fibers, the search for alternative natural fibers, such
as basalt, sisal, and banana fibers has grown in recent years (detailed in Section 3.3) mainly
due to their low cost and good fiber-matrix bond. Finally, despite the great interest in the
application of fibers in HPC and UHPC, few standards are available to specify it [37].

The main applications of HPC and UHPC initially were in the construction of high-
rise residential and/or commercial buildings, mainly between the 60 and 80 s. Examples
are the Lake Point Tower and Water Tower Place buildings, in Chicago—the USA, built,
respectively, in 1965 and 1970 [23,38]. Later, these classes of concrete started to be applied
more frequently in infrastructure works, through the construction of bridges, viaducts,
and other special buildings of art [39–41]. Since then, HPC and UHPC have been also
applied to road pavements, industrial floors, and underground buildings [42,43]. More
broadly, these types of concretes can be applied in any works requiring high compression
loads as well as structures subjected to aggressive environments that need high durability
and in cases of emergency or recovery works [12,13,44]. However, the cost must be taken
into account when analyzing the feasibility of the building construction, since in general
high-performance concrete is more expensive than conventional concrete [45,46].

In this context, the objective of this literature review is to present some concepts related
to the main materials used for the production of HPC and UHPC. The materials named
in this research as “classics” will be highlighted, as they are the same ones traditionally
used to elaborate the CC. In addition, it is also an objective of this review to identify new
materials used to obtain (ultra) high-performance concretes; in particular through the
inclusion of fibers and the use of alkali-activated cement.

2. Classic Components Used for HPC and UHPC Production

In this section, the main materials that make up the structure of HPC and UHPC will
be described. These materials are named classics as they are also used for CC production.
These are ordinary Portland cement (OPC), mineral additions, aggregates, and chemical
additives.

2.1. Ordinary Portland Cement (OPC)

The OPC used for the production of HPC and UHPC can be the same for the pro-
duction of CC. However, several authors recommend the use of OPC with higher clinker
contents and lower amounts of mineral additions. This is necessary because the produc-
tion of HPC/UHPC uses mineral additions with greater reactivity than those usually
considered in the production of commercial cement, such as blast furnace slag and fly
ash [13]. Different denominations are used for these special OPCs. According to the main
international standards, these cement are known as CP-I. CP-V-ARI cement according to
the Brazilian standards NBR 16697 [47]. CEM I cement according to the European standard
EN 197-1 [48]. Type I cement according to the American ASTM C150 [49]. All these cement
have in common their high clinker content, usually above 90% or 95%, and also high
fineness. However, it should be noted that CP-I cement is not a commercial product, which
is why research-based on NBR 16697 [47] focuses on the use of CP-V-ARI.

In particular, the use of one of these types of OPCs, the Brazilian CP-V-ARI, is cited
as an example. Silva et al. (2020) [50] studied the effect of high temperatures on the
mechanical performance of HPC/UHPC containing recycled aggregates and CP-V-ARI.
This cement had a compressive strength at 7 days of 37.4 MPa and at 28 days of 43.7 MPa.
The reference concrete compositions presented a compressive strength of 65.2 MPa, proving
that it is an HPC. Roberti et al. (2021) [13] studied the autogenous shrinkage effects and
the fresh and hardened state properties of an HPC. They used cement CP-V-ARI, with
a strength of 38 MPa at 7 days and 45.8 MPa at 28 days. The evaluated compositions
showed compressive strength from 68.3 to 84.3 MPa. Viana et al. (2020) [51] used CP-V-ARI
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to evaluate the influence of the incorporation of carbon nanotubes in HPC, obtaining
compressive strength for concrete around 80 MPa at 28 days of cure. De Matos et al.
(2020) [52] used CP-V-ARI to produce UHP cement pastes with 28-day strength of around
130 MPa. Pilar et al. (2021) [53] studied the rheological behavior of HPC/UHP using
cement type CP-V-ARI, however, the authors did not report the results of compressive
strength since the focus of the work was to evaluate the properties of the fresh state.

It is also important to mention other investigations on special processing and ag-
gregates. Sohail et al. (2021) [1] studied the durability characteristics of HPC and ob-
tained concrete with compressive strength of a little less than 100 MPa at 28 days. Storm
et al. (2021) [54] evaluated the ways in which different fibers were pulled out in high-
performance concrete. Li and Zhang (2021) [55] studied the thermal stresses in UHPC
containing polypropylene and steel fibers, obtaining a compressive strength of 141.5 MPa.
Liu et al. (2021) [56] evaluated the application of steel slag as a complementary material
in UHPC, obtaining strength between 120 to 150 MPa. Suescum-Morales et al. (2021) [57]
evaluated the effect of temperatures on high-performance concrete performing a microstruc-
tural analysis. Rashid et al. (2020) [58] evaluated the effects of using magnetite sand in
UHPC, obtaining compressive strength of 134 MPa at 28 days. Olawuui et al. (2021) [59]
evaluated the development of initial and long-term strength of HPC containing polymer
incorporation, obtaining a strength of approximately 80 MPa at 28 days. Zhang et al.
(2021) [60] valuated the fragmentation strength and mechanical properties of UHPC at
high temperatures, obtaining strength around 130 MPa.

On the use of type I OPC, it is worth mentioning the following works. Choi et al.
(2021) [61] evaluated the effect of TiO2 as a filler in concrete, obtaining compressive strength
above 150 MPa at 28 days, typical of UHPC. Khan et al. (2020) [62] developed an ultra-high
performance concrete for shielding from nuclear radiation, with a strength greater than
160 MPa. Kim et al. (2021) [63] used an OPC with a strength of 42.5 MPa to evaluate the
benefits of curved steel fibers in the pullout strength of HPC. Yoo et al. (2021) [64] evaluated
the effect of glass powder on the mechanical properties of UHPC, obtaining compressive
strength greater than 200 MPa. Manigandan et al. (2021) [26] evaluated the use of treated
banana fibers in the compressive strength of HPC, obtaining a value of approximately
52 MPa. Other researchers such as Yoo et al. (2021) [65], Kareem et al. (2021) [66], and Bae
and Pyo (2020) [67] also used type I cement in their research with HPC and UHPC.

Regarding the chemical composition of the OPCs considered for the production of
HPC and UHPC, it is observed that there are no major differences between the OPCs used
for the production of CC, as shown in Table 2. The typical OPC base is essentially the
same: between 60 to 72% of CaO, between 14 and 22% of SiO2, resulting in approximately
80% of the cement composed of CaO + SiO2. One can note that virtually all the cement
presented in Table 2 had appreciable values (up to ~4%) of loss on ignition (associated
with the CO2 thermal decomposition) and/or MgO. This can be explained by the presence
of carbonaceous fillers, e.g., calcite (CaCO3) and/or dolomite (CaMg(CO3)2), or periclase
(MgO). However, from a mineralogical point of view, it is relevant that the cement used
for the production of HPC must present higher amounts of alite (C3S) and belite (C2S),
which are the constituents of the OPC responsible for the formation of C-S-H, the main
strength product of concrete [30]. Therefore, the CaO content must be analyzed coupled
with the loss of ignition value, since this element can be present either as calcium silicate
(i.e., C3S and C2S) or calcium carbonate filler. The content of C3A must be reduced because
this mineral is incompatible with the conventional water-reducing chemical additives used
since it mainly forms ettringite which adsorbs the additive molecules and tends to increase
the additive content required to reach proper flowability [68,69]. This is the reason why
cement must have the lowest possible amounts of Fe2O3 and Al2O3.
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Table 2. Chemical composition of Ordinary Portland Cement (OPC) used for HPC and UHPC.

CaO (%) SiO2 (%) Fe2O3 (%) Al2O3 (%) SO3 (%) MgO (%) Loss on Ignition (%) Reference

62.91 20.34 4.58 4.47 2.58 1.24 3.27 [70]
61.33 21.01 3.12 6.40 2.30 3.02 - [61]
63.62 19.70 2.93 - - 1.28 - [71]
66.45 17.84 3.58 4.26 4.10 2.14 - [72]
63.07 19.38 3.28 4.58 3.50 2.79 1.54 [3]
64.62 20.18 3.24 4.98 3.15 1.98 2.59 [12]
62.60 20.60 3.20 5.10 3.60 3.00 - [73]
67.97 16.19 3.79 3.59 4.05 1.71 0.51 [56]
71.22 14.80 3.48 4.54 4.11 - 4.02 [50]
68.91 15.74 4.80 3.18 3.80 2.00 1.00 [1]
62.90 18.90 2.80 3.70 3.10 4.20 3.20 [53]
62.15 20.95 3.80 4.85 2.00 3.10 - [74]

Regarding other important properties of OPCs, it is noteworthy that the density of
OPC for HPC and UHPC and for conventional applications is the same, around 3.10 to
3.15 g/cm3. This is due to the low content of additions, since silica fume and fly ash, for
example, have a specific mass around 2.2 to 2.4 g/cm3. The fineness, in general, is greater,
due to the use of high initial strength OPCs, which are generally thinner, and due to the
low amount of water used, generally less than necessary for the hydration reaction. So,
greater fineness helps in a considerable degree of hydration, which is why OPCs need
to be thinner. The same happens with the percentage of material retained in the #200
sieve, considered an important parameter for post-production OPC grinding control. This
information is summarized in Table 3, where it is observed that the fineness of the OPC
varies in values above 3500 cm2/g by the Blaine method. In general, the OPC used for
conventional concrete presents a fineness close to 3000 cm2/g. Regarding the percentage
retained in the #200 mesh sieve, it is observed that the maximum value observed was
2%, much lower than other types of OPC used for CC production, such as CP-II, CP-III,
CP-cement V, cement type II and III and CEM II. This is necessary because the larger specific
area allows these cement to react faster than those used for conventional applications.

Table 3. Physical properties of OPC used in HPC and UHPC.

Density (g/cm3) Blaine Fineness (cm2/g) Retained in Sieve #200 (%) Reference

- 3600 - [71]
3.10 3600 - [72]
3.12 4430 0.20 [13]
3.15 3500 - [73]

- - 2.00 [56]
3.06 - 1.38 [51]
3.09 4070 - [53]
3.15 - 1.80 [12]

Based on this, it is possible to establish that the OPC used in HPC and UHPC must
be chemically rich in calcium and silica, mineralogically rich in C3S and C2S, with the
least number of mineral additions possible, aiming at the incorporation of more reactive
pozzolans than those used in OPC commercial.

2.2. Mineral Additions

Mineral additions are supplementary cementitious materials used together with
OPC, with the aim of providing differentiated technological performance to cementitious
products. Initially emerged as a need to improve some properties of concrete, it now
contributes considerably to environmental aspects [75,76]. The need to replace Portland
clinker with low-impact binders is today a common desire, but without losing the properties
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provided by these binders [77]. This is because ordinary cement is the world’s second most
used material, second only to water. In addition, OPC production releases great amounts of
CO2 mainly due to limestone decarbonation, necessary for clinker production [78]. Another
important factor is the high energy demand required to reach a burning temperature
of around 1500 ◦C. As a consequence, some authors point out that for every 1 ton of
clinker produced, about 0.8–1.0 tons of CO2 are emitted into the atmosphere [76,79,80].
A portion of this emission is mitigated through CO2 uptake by mortar and concrete
carbonation [78,81,82]; however, this topic will not be further addressed in this paper.

As a result, some researchers have proposed the replacement of clinker by agro-
industrial residues or by-products. This is the case of blast furnace slag, fly ash, silica
fume, and other pozzolans such as agricultural ashes. It was observed a reduction in
production costs, due to the reduction in the consumption of clinker, which generally
has a higher cost than aggregates. For example, Li and Jiang (2020) [83] observed a 21%
cost reduction when used 60% slag and 10% limestone in OPC replacement for the same
concrete strength class. Zhang et al. (2021) [84] demonstrated that concrete mix design can
be optimized simultaneously for environmental, economic, and mechanical objectives with
silica fume incorporation. In addition, there is a contribution to sustainable development,
and the achievement of concrete with greater mechanical strength, especially with the use
of pozzolanic materials [85–87].

Mineral additions can be classified according to their reaction with the clinker as
inert. This, in general, only contributes to a physical filling effect improving the packaging.
For example, this happens with the application of limestone filler as well as in cement,
such as blast furnace slag, and in pozzolanic products, such as metakaolin, fly ash, agro-
industrial ash, and silica fume [85,88,89]. Cementing additions are materials, usually based
on calcium, that present an accelerated reaction capacity in the presence of alkaline media,
as is the case of Ca(OH)2 of portlandite present in OPC [90,91]. They can also be activated
with the use of other alkaline hydroxides, such as NaOH and KOH, through alkaline
activation, dispensing in this case, the presence of OPC [92,93]. This type of reaction will
be described in Section 4.

However, the additions with the greatest potential for the production of HPC/UHPC
are the pozzolanic ones that in addition to the physical packing effect, described above,
have a chemical effect. Pozzolans are materials based on silica or silica and alumina which,
isolated, do not present any binding power, but when finely ground, and in the presence
of clinker and water, develop binding powers [94,95]. This happens through the so-called
pozzolanic reaction. It is observed that portlandite, formed through the hydration of the
silicates present in the OPC, reacts with the amorphous silica and alumina present in the
pozzolan and forms C-S-H and C-A-H. As aforementioned, the compound responsible for
the strength of hardened OPC is C-S-H. Thus, the conversion of CH to C-S-H provided by
pozzolans contributes significantly to the strength of the formed product [94,96].

It is observed that mineral additions have certain requirements for their efficiency in
clinker replacement. From a physical point of view, they need to present a high specific
surface, measured by the Blaine fineness, for example, to increase the contact area of
mineral additions with OPC [96]. Mineralogically, these materials need to be predominantly
amorphous, which means that they present structural disorders. Otherwise, the additions
are not reactive, as crystalline materials have an organized structure and hardly change
their structure under normal conditions of temperature and pressure due to hydration
reactions.

From a chemical point of view, there is a wide range of mineral additions used.
According to the bibliography [97–99], there are reports of the use of materials rich in
calcium, such as furnace slag, limestone filer, and class F ash as well as materials rich in
silica or aluminosilicates, such as fly ash, silica fume, and metakaolin, which make up the
class of pozzolans.

One of the most used additions is fly ash, a by-product of thermoelectric plants that
burn coal to produce energy. Ash is trapped in the combustion gas exhaust system and,
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when pulverized, it acquires pozzolanic characteristics [95,100]. Another great advantage
of fly ash is the spherical shape of the material, which can promote a rolling effect between
grains and improve workability, providing a reduction in the amount of water and conse-
quently contributing to mechanical strength. This material is mineralogically amorphous
and has a chemical composition of approximately 45–60% SiO2, 30–32% Al2O3, in addition
to Fe2O3 and CaO in variable but detectable contents [101–103]. As thermoelectric plants
are the main energy sources in the world, with the exception of some countries such as
Brazil, the availability of fly ash is high, which justifies the wide application of the material
as pozzolans [103].

In the research by Mohan et al. (2021) [101], in which the authors used two different
types of fly ash as additions for HPC/UHPC, the proportion of additions used was approx-
imately 50% of the OPC mass. The authors obtained a concrete with 69 MPa compressive
strength at 28 days. The two fly ashes used, named 1 (59.32% SiO2, 29.95% Al2O3, 4.32%
Fe2O3, 1.28% CaO) and 2 (60.56% SiO2, 32.67% Al2O3, 4.44% Fe2O3, 1.41% CaO), presented
a fineness by the Blaine method of 5636 and 6210 cm2/g, respectively. Comparing with the
OPC used by the authors, with a fineness of 3300 cm2/g, it is observed that their additions
were finer than this binder.

Other studies with the application of HPC/UHPC that used fly ash are highlighted
below, to justify that this material is one of the most used additions in high-performance
concrete: Sujay et al. (2020) [104] studied the effect of the application of steel fibers in
high-performance concrete containing mineral addition of fly ash replacing 15% of the
OPC mass, obtaining compressive strength at 28 days of approximately 55 MPa. Bahedh
and Jaafar (2018) [105] studied the application of fly ash (69.41% SiO2, 28.20% Al2O3, 5.30%
Fe2O3, 6.47% CaO) to replace OPC in percentages of 0–40% for the production of UHPC by
molding in an autoclave, with the application of pressure in the production stage of the
specimens. The authors observed that the use of 40% ash allowed to obtain a compressive
strength at 28 days of 120 MPa, while the reference composition presented a strength of
80 MPa at that same aging period. This information is illustrated in Figure 1.

Figure 1. Influence of fly ash content on the compressive strength of ultrahigh performance con-
crete [105].

Zhang et al. (2020) [106] studied the effects of replacing 25% OPC by fly ash (50.35%
SiO2, 29.65% Al2O3, 6.61% Fe2O3, 5.85% CaO) in HPC subjected to situations of high
temperatures. The authors obtained a compressive strength at 28 days of approximately
55 MPa for the composition containing ash, while the reference composition showed a
strength of less than 50 MPa, not being characterized as HPC. At all ages evaluated, the
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compositions containing fly ash showed a better mechanical performance, which is directly
related to the pozzolanic effect.

Choudhary et al. (2021) [107] evaluated the effect of various mineral additions on the
abrasion and mechanical strength properties of high-performance concrete. Although the
best results were obtained with the use of silica fume (95.58% SiO2, 0.71% Al2O3, 0.81%
Fe2O3, 0.90% CaO), which will be discussed below, the results obtained with fly ash (58.19%
SiO2, 26.93% Al2O3, 4.27% Fe2O3, 0.90% CaO) were also positive. For example, obtaining
compressive strength at 28 days of 55 MPa. One of the reasons that explain the better
performance of silica fume is the fineness of the material, 9550 cm2/g by the Blaine method,
while fly ash showed 3530 and cement 2860 cm2/g. Another explanation is the chemical
composition since silica fume has a higher SiO2 content than fly ash.

As already emphasized, silica fume is another pozzolanic mineral additive used in
HPC/UHPC, with mechanical properties superior to those obtained by using fly ash.
In the research by Choudhary et al. (2021) [107], cited in the previous paragraph, the
compositions with silica fume obtained compressive strength at 28 days of 75 MPa, while
the same compositions containing fly ash obtained 55 MPa. Some relevant information
helps to explain this difference in behavior.

Silica fume is a by-product obtained in the production process of plain silicon or in
silicon iron alloys. The process is carried out in large metal furnaces, by reducing the
quartz in the presence of coal, or iron in the case of alloys, at very high temperatures,
around 2000 ◦C. During the heating step, silicon monoxide (SiO) is eliminated as a gas,
oxidizing and condensing into extremely small spherical particles of amorphous silica
(SiO2) [108,109]. In terms of chemical composition, silicas fume have a SiO2 content above
95%, another characteristic that contributes to their pozzolanic effect [102,107].

This produced SiO2 material is trapped in the furnace exhaust gas filtration systems,
being removed and used as a pozzolan. The average diameter of the material is 0.1 mm,
about 100 times smaller than the average diameter of the OPC particles, presenting a specific
surface by Blaine fineness in the order of 9000 to 10,000 cm2/g [109,110]. This contributes
to the greater reactivity of this addition, in addition to contributing to granular packing and
helping in pozzolanic reactions in regions that other conventional pozzolans cannot, such
as at the paste-aggregate interface. However, it should be noted that silica fume, unlike fly
ash, has a higher commercial value, as the production numbers of the silicon industry are
much lower than the production of fly ash in thermoelectric plants [110,111].

Some researches that studied the application of silica fume are highlighted below.
Wu et al. (2019) [112] studied the changes in rheological and mechanical properties with the
use of silica fume (95.2% SiO2) in ultra-high performance concrete. The authors obtained
strength of 120 MPa at 28 days of cure, with the use of 20% silica fume (94.8% SiO2) to
replace OPC. Smarzewski et al. (2019) [113] used silica fume to evaluate the mechanical
properties of UHPC, obtaining a strength of 95 MPa for the reference composition and
110 MPa for the composition containing 20% of the additive. Pedro et al. (2017) [114]
and Pedro et al. (2018) [115] evaluated the mechanical properties and durability of HPC
produced with recycled aggregate and silica fume (94.2% SiO2). The authors obtained
compressive strength of 76.70 MPa after 28 days with the compositions containing silica
fume in the first study and observed that the performance in the durability tests was
superior for the compositions containing 20% silica fume, in all evaluated conditions
(strength to carbonation, strength to chloride attack, water absorption by immersion, and
by capillarity) in the second study.

Chen et al. (2018) [116] studied the application of fly ash to replace OPC in percentages
of 0–30% for the production of UHPC by molding in an autoclave, with an application
of pressure in the production stage of the specimens. The authors observed that the use
of 20% ash allowed to obtain a compressive strength at 28 days of 125 MPa, while the
reference composition presented a strength of 105 MPa at the same age, as shown in
Figure 2. This change in strength was attributed by the authors to the greater formation of
C-S-H, which is directly attributed to the pozzolanic reaction promoted by the material,
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as well as to the likely improvement in granular packing, related to the physical effect. In
addition to the aforementioned research, several other studies used silica fume as a mineral
addition [68,117–121].

Figure 2. Compressive strength of Ultra-High Performance (UHPC) containing silica fume [116].

Other incorporations are also used in the production of HPC and UHPC, although in
much smaller proportions than fly ash and silica fume. Several countries, such as China,
Japan, Brazil, the USA, India, and Germany, have a great potential for using blast furnace
slag, obtained through the steel industries, a strong industrial sector in these countries. Blast
furnace slag is generated as a by-product of the production of pig iron with a high calcium
content [122,123]. The same can be highlighted in the ceramic industry, a strong sector in
countries such as China, Brazil, Italy, and Spain, responsible for the production of ceramic
waste and metakaolin, two pozzolans with a high content of silica and alumina [124–126].
Several countries, such as China, the USA, Argentina, and Brazil, also present the possibility
of using agro-industrial ash, such as rice husk ash and sugarcane bagasse ash, creating
alternatives for the application of renewable forms of pozzolans [127–129].

On the use of slag, the following works stand out. Shen et al. (2020) [130] and Shen et al.
(2020) [131] studied the use of blast furnace slag in HPC obtaining a strength of 52 and
66.9 MPa, respectively. Cheah et al. (2019) [132] and Ma et al. (2018) [133] studied the use
of blast furnace slag together with fly ash for the production of high-performance concrete,
obtaining strength at 28 days of approximately 50 MPa. On the application of ceramic
waste, it is worth mentioning the following research works. Kannan et al. (2017) [134]
obtained a concrete of 51.5 MPa at 28 days with the replacement of 10% OPC by ceramic
waste. Xu et al. (2021) [135] obtained a UHPC of 120 MPa at 28 days using 15% ceramic
waste as pozzolan replacing OPC. Salami et al. (2020) [136] studied the application of
metakaolin as a mineral additive in HPC obtaining a compressive strength of 60 MPa.
Song et al. (2019) [137], Shehab et al. (2017) [138], and Tafraoui et al. (2016) [139] studied
the use of metakaolin as an additive in UHPC containing different types of fibers. All
authors obtained compressive strength at 28 days above 100 MPa.

Regarding the use of agro-industrial ash, the research by Le and Ludwing (2016) [140]
stands out, which evaluated the use of fly ash, silica fume, and rice husk ash together for
the production of UHPC, obtaining a strength of 110 MPa at 28 days. Le et al. (2015) [141]
evaluated the durability of HPC containing rice husk ash as a pozzolan. Shaaban et al.
(2021) [142] evaluated the rheological and hardened state properties of HPC containing
this same additive, obtaining a strength of 60 MPa at 28 days. Finally, the research by
Gar et al. (2017) [143] studied the use of sugarcane bagasse ash as pozzolan in HPC,
obtaining strength at 28 days of 52 MPa.
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2.3. Aggregates

Aggregates are defined as inert, granular materials without defined shape and volume,
used in concrete for economic and technological reasons [144]. They are classified according
to their origin as artificial (or industrialized), natural, or recycled. Crushed stones are cited
as an example of artificial aggregates. Other examples are natural sand washed from the
river and construction and demolition waste used after recycled [145,146].

As for their own weight, aggregates are classified as light, such as expanded clay,
conventional, such as crushed stone, or heavy, such as hematite aggregates [144,147]. From
a granulometric point of view, they are classified into coarse, those whose grains pass
through the 152 mm opening sieve and are retained in the 4.75 mm sieve, and in giblets,
those whose grains pass through the 4.75 mm opening sieve and remain retained in the
0.075 mm aperture sieve [145,148]. The particle size distribution of the materials plays a
major role in the fresh and hardened performance of HPC and UHPC. While the aggregates
correspond to the macroscale components, the binder materials (i.e., OPC and mineral
additions) correspond to the microscale fraction of concrete. In addition, the very small
silica fume particles can improve the particle packing of the binder fraction, leading to
higher compactness due to physical effects besides the pozzolanic contribution [149]. By
optimizing the particle size distribution and mix proportions, one can achieve maximum
particle packing, therefore improving the fresh and hardened properties of concrete. This
strategy has been widely used for HPC and UHPC design over the last years [150–152].

Dealing specifically with the aggregates used in HPC, it is observed that there is no
specificity regarding the use of these materials when compared to conventional concrete.
However, care must be taken with regard to the particle size of the materials, in order to
find the packing of all aggregates, following a continuous distribution, which presents the
smallest possible void volume. This characteristic is even more important in the production
of UHPC, which usually do not have coarse aggregates in their composition, due to the
possible presence of micro-cracks caused by crushing or because the strength of the coarse
aggregate is usually inferior to that of the cement matrix, making the aggregate the fragile
point of the material. Owing to the above-described reasons, it is common for authors
to use more than one type of fine aggregate or different combinations of fine and large
aggregate to obtain the best packing. Arunothayan et al. (2021) [70], for example, uses
three different types of sand as fine aggregate for HPC production used in 3D printing
applications. With the different combinations proposed, the authors obtained compressive
strength ranging from 110.1 to 152.5 MPa.

In addition to aspects related to packaging, some physical parameters need to be
analyzed. Regarding the coarse aggregate used for HPC, the following points are worth
mentioning. The content of fines, passing through the 75 mm sieve, should be limited to
1%, as this material is generally attributed to silt and clay particles, which can increase
the aggregate water absorption. The D/d shape ratio, which relates to the largest size
and smallest aggregate size, should be limited to 3 to avoid anisotropy in concrete. Water
absorption should also be limited to 7%, as should abrasion wear strength measured by
the Los Angeles method, which should be restricted to 50%.

On the D/d ratio, Zhao et al. (2021) [153] evaluated the influence of three coarse
aggregate geometry on the mechanical properties of HPC. The authors used lamellar,
irregular, and rounded aggregates. The strength results obtained by the authors are
highlighted in Figure 3, where it is possible to observe that the best results are obtained
with irregular aggregates. This is attributed by the authors to greater adherence between
the cementitious paste phases and the aggregates, which improves the behavior of HPC.

Regarding the physical characteristics of small aggregates, some information is perti-
nent. For example, the number of fines is also limited, but to a total of 3%. The limit water
absorption is 7%, while the swelling coefficient must be as low as possible, to avoid exces-
sive volume increase. There are still some recommendations related to concrete durability
problems, which apply to both coarse and fine aggregates. The content of chlorides and sul-
fates, for example, should be limited to 0.1% of the chemical composition of the aggregates.
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This is necessary to avoid the occurrence of oxidation in the concrete reinforcement and to
avoid the formation of late ettringite in the concrete, causing an expansive reaction that
destabilizes the material volume and generates internal stresses [154]. Problems related
to alkali-aggregate reaction (AAR) must also be verified through the mortar bar test. The
maximum expansion allowed in this test is 0.05% after 3 months and 0.10% after 6 months.
In AAR, a gel is formed that absorbs water and tends to increase the volume of the concrete,
which can generate cracking and disaggregation of the aggregate paste [148,155].

Figure 3. Compressive strength results as a function of aggregate shape [153].

Analyzing the researches published with HPC and UHPC, it is observed that the
authors traditionally use quartz sand washed from the river [1,3,13,70] or quartz sand
from dunes [62,156] as the main fine aggregate. As a coarse aggregate, it is common to
use crushed stones [25] and gravel [157]. The stones used are limestone [114,115,158] and
diabase [159], mainly.

There are also researches using heavy aggregates such as barite, magnetite, and
hematite for HPC in nuclear protection applications [147,160,161]. Figure 4, for example,
shows the compressive strength results obtained using 3 types of fine aggregate: silica
sand (97.32% SiO2), barite (58.69% BaO), and hematite (71.71% Fe2O3). The silica sand
used has a specific mass of 2.7 g/cm3, while the barite has 3.0 to 4.4 g/cm3. Although the
compressive strength results are better for the composition with silica sand, the radiation
absorption values of cobalt and cesium were much higher for heavy concrete manufactured
with barite, justifying its use in this type of application.

There are also researches that use light aggregates, mainly expanded clay, for the
production of HPC. Angelin et al. (2020) [162] evaluated the packing of lightweight
concrete containing expanded clay and rubber as aggregates, obtaining strength at 28 days
of 58.5 MPa. Lu et al. (2021) [163] also obtained compressive strength results compatible
with HPC using expanded clay aggregates. However, Garcia et al. (2021) [164] reported
that the use of expanded clay in high-performance concretes is problematic, due to defects
arising from the calcination of these aggregates. As a result, it is usual to increase OPC
consumption and use a high number of additives, in addition to reducing the w/c factor,
which is only possible using considerable amounts of plasticizer additive. This makes
concrete too expensive and is therefore not recommended.
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Figure 4. Compressive strength due to different types of aggregate [147].

Research that use recycled aggregates for the production of HPC and UHPC are also
mentioned. These researches use aggregate from concrete waste [114,115] and ceramic
waste [157,165]. Using these residues, which present the particle size curve within the
normative limits of the ASTM C33 standard, the authors obtained a compression strength
after 28 days of curing of 77.3 MPa, proving the feasibility of using recycled aggregates, as
long as they meet the stipulated granulometry parameters.

Based on this, it is observed that the choice of aggregates for application in HPC and
UHPC should be more carefully selected for application in CC, due to the need to obtain
greater packaging. It is possible to use not only coarser and finer but also conventional and
heavy aggregates, as well as lighter and recycled aggregates for the production of HPC
and UHPC.

2.4. Chemical Additives

Chemical additives are materials used in the production of concrete aiming to im-
prove properties of interest. They are generally used in quantities of up to 5% of the
OPC mass [166]. The main types of chemical additives are air-incorporated additives,
tack modifying additives, water-reducing additives, and shrinkage-mitigating additives,
especially used in UHPC. As the name suggests, air-incorporated additives add air bubbles
to concrete voids, improving the plasticity and workability of the material, but potentially
compromising compressive strength. They are used in situations where concrete is sub-
jected to ice and thaw, acting as a kind of reservoir where water can migrate, since when
freezing the water expands, which could cause the concrete to crack [166–168].

Most used shrinkage mitigating additives are amphyphylic molecules, which have a
hydrophilic end and a hydrophobic end. When interacting with the water present in the
hydration of OPC, or any other polar solvent, the molecules of these additives are mainly
absorbed in the liquid-vapor interface by electrostatic repulsions due to the interaction of
hydrogen bonds [169,170]. In this way, there is a reduction in the surface tension of the
water in the pores of the concrete, allowing a reduction of up to 50% in concrete shrinkage.
The reduction is possible because shrinkage-mitigating additives continue to act in the
pore system even with hardened concrete, reducing the effects of water surface tension
that contribute to drying shrinkage [170,171]. The main examples of such additives are
propylene glycol, general glycol ethers, and polyethylene glycol [169].

Set-modifying additives serve to delay or accelerate the setting time and hardening
time of concrete. They do not significantly change the final strength of concrete, however,
they do change the strength at early ages [172]. The water-reducing additives, on the other
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hand, serve to reduce the w/c ratio without losing the workability of the concrete. They
are the main additives used in the production of HPC and UHPC [173,174]. In addition
to these additives, there are polyfunctionals that have two or functions simultaneously,
generally modifying not only the set but reducing the amount of water.

As mentioned, water-reducing additives are the most used for the production of
HPC and UHPC. These additives are subdivided into three generations. Depending on the
amount of water they reduce in the concrete, these are: (i) 1st generation of superplasticizers
that reduce from 6 to 12% of water; (ii) 2nd generation of superplasticizers that reduce 12
to 20% of water; and (iii) 3rd generation of superplasticizers that can reduce water above
20%, reaching a reduction of up to 45% of the mixing water [174,175]. In HPC and UHPC,
3rd generation superplasticizers are preferably used. The importance of water reduction
is related to Abrams’ Law, which indicates that the lower the w/c ratio, the greater the
mechanical strength, using the same material parameters [176]. Logically, the reduction of
the w/c factor impairs the workability of the concrete, which is why chemical additives
are used.

The water reduction promoted by 1st and 2nd generations of superplasticizer reducers
can be explained through the electrostatic dispersion effect. This effect occurs because the
additive involves a system of OPC particle charges of the same sign [177]. Due to the effect
of electrostatic repulsion, the superplasticizer will disperse the cement particles, making
less water necessary to reach a given workability [178,179].

The 3rd generation of superplasticizers works due to the steric effect or due to the
combination of the electrostatic repulsion effect with the steric effect [180]. This effect,
which occurs mainly in additives based on polycarboxylate (PCE), the main additive used
in HPC and UHPC. PCE features a long main chair, with shorter branches and side chains,
increasing floor space in an OPC particulate system, resulting in much greater water
reduction than 1st and 2nd generation plasticizers [181–183].

As examples of some additives used in HPC, the following works stand out. Ibragi-
mov and Fediuk (2019) [184] evaluated the influence of different types of superplasticizers
on the mechanical properties of concrete. The authors used five different superplasticizer
additives: the first is a copolymer based on polyoxyethylene derived from unsaturated
carboxylic acids (1st generation); the second is based on sodium salts of polymethylene
naphthalenesulfonic acids (2nd generation); the third is a polyfunctional consisting of naph-
thalenesulfonate and an organic accelerator; the fourth additive used is a superplasticizer
based on polyoxyethylene derivatives of polymethacrylic acid (PAA); finally a copolymer
based on polyether carboxylates (PCE). The strength results obtained by the authors are
shown in Table 4. It is observed that the additives that contributed the most to the com-
pressive strength were the PAA and PCE, which is why they are the most used in the
literature.

Table 4. Compressive strength results obtained with the use of various water reducing additives. Source: [184].

Composition
Compressive Strength after

1 Day (MPa)
Compressive Strength after

3 Days (MPa)
Compressive Strength after

28 Days (MPa)

Reference 7.1 (100%) 19.57 (100%) 40.53 (100%)

1st generation 12.32 (174%) 31.89 (163%) 57.55 (142%)

1st generation
(naphthalene) 12.81 (180%) 32.42 (166%) 51.70 (128%)

Polyfunctional 13.76 (194%) 29.01 (148%) 46.15 (114%)

Polyoxyethylene derivatives
of polymethacrylic acid (PAA) 22.53 (331%) 46.38 (237%) 62.81 (155%)

Copolymer based on
polyether carboxylates (PCE) 19.62 (276%) 45.01 (230%) 65.72 (162%)
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Benaicha et al. (2019) [185] analyzed the effects of superplasticizer additives on the
rheological and strength properties of HPC. They used PCE-type superplasticizers in dif-
ferent percentages, obtaining a compression strength of 73.49 MPa at 28 days with the use
of 0.3% of the superplasticizers. Cheah et al. (2020) [186] evaluated the changes in the
mechanical and microstructural properties of HPC produced with PCE-type superplasticiz-
ers containing a ternary mixture of OPC, blast furnace slag, and silica fume. The authors
obtained results compatible with the behavior of HPC, obtaining compressive strength at
28 days of around 80 MPa. Cheah et al. (2019) [132] evaluated the performance of HPC
containing fly ash, blast furnace slag, and PCE-type superplasticizers. The compression
results obtained were consistent with HPC applications. Finally, the work by Guan et al.
(2021) [179] reported the durability effects of HPC sulfates produced with PAA-type super-
plasticizers. The authors did not perform mechanical tests but emphasize that the applied
concrete presents behavior for high-performance applications.

Thus, based on what has been presented, it is observed that the use of superplasticizers
is essential to obtain an HPC and UHPC with an adequate behavior. The most used
additives are PCE, 3rd generation of superplasticizers that work by the combined principle
of electrostatic repulsion with steric effect.

3. HPC and UHPC Containing Fibers: Composite Materials

High-performance fiber reinforced concrete (HPRFC) or ultra-high-performance fiber
reinforced concrete (UHPFRC), emerged as a need to improve ductility and tensile strength
properties in HPC and UHPC [25,70]. Research with this type of material is relatively
recent, starting from the 1990s, about 30 years ago [187]. The researchers observed that,
although the mechanical behavior related to compression was increasing, the same did not
happen with tension, which compromised the concept of high performance [188].

In this context, a new perspective of HPC and UHPC emerged: using the concepts of
composites applied to concrete materials. Composites are materials that use two different
components to obtain a material with superior properties, these two components are the
matrix phase, the majority phase, responsible for involving and protecting the second
phase, which is the reinforcement, dispersed throughout the matrix. The matrix of a
composite can be metallic, polymeric, or ceramic. In the case of high-performance concrete,
the matrix used is cementitious, essentially composed of HPC and UHPC [13,188,189].
Despite the great potential of using fibers to reinforce HPC and UHPC, few standards were
developed to date, such as the French standard [37].

This concrete, used as a matrix, has the same components highlighted in Section 2,
that is, OPC, mineral additions, preferably pozzolanic of high fineness, such as silica fume
and fly ash, low w/c, requiring the use of superplasticizer chemical additives, and fine and
coarse aggregates following the same specification detailed in Section 2.2.

The reinforcement phase of a composite can be in the form of filler particles or in the
form of fibers. In the case of HPC and UHPC discussed in this section, the reinforcement
phase is composed of synthetic fibers that can be metallic, polymeric, and ceramic, or
natural fibers, of mineral, animal, and vegetable origin [12,13,190]. Figure 5 shows the
behavior of tenacity and elongation at the break of the main fibers used for application
in HPC and UHPC, while Table 5 shows the main properties of these fibers. The main
advantages of applying fibers in HPC and UHPC are the high gain in mechanical strength,
both in compression and in traction, and the increase in ductility. Disadvantages include
the reduction in the workability of concrete, which can be solved using 3rd generation of
superplasticizer reducers, and the higher cost of the material, especially with the use of
synthetic fibers. These issues will be detailed in this section.
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Figure 5. Stress x strain diagram of fibers used in HPC and UHPC [191,192].

Table 5. Properties of fibers used in HPC and UHPC. Source: [193–199].

Fibers
Diameter

(mm)
Density (g/cm3)

Modulus of
Elasticity (GPa)

Tensile Strength
(MPa)

Elongation (%)

Matrix (comparison) - 2.7 10–45 3.5–8 0.02
Steel 5–500 7.84 200 500–2580 0.5–3.5

Carbon 5 1.9 65–135 2600 1
Glass 9–15 2.6 70–80 2000–4000 2–4.5

Polypropylene 20–200 0.9 164 500–750 9
Polyethylene 20–200 0.95 14–19.5 200–300 7.5

Asbesto 0.02–0.4 2.6–3.4 196 33000 2–3
Kevlar 10 1.45 5–17 3600 2.1–4

Cellulose - 1.2 4 300–500 -
Sisal 10–50 1.5 15–20 800 7

3.1. Steel Fibers

Through the consulted database, it is observed that the majority of research carried
out with HPC and UHPC, mainly use steel fibers, produced through essentially ferrous
metallic alloys, containing between 0.008 and 2.11% of carbon. These fibers present positive
properties, such as high ductility and tensile strength, in addition to compatibility with con-
crete, which is typically observed in the use of steel bars in reinforced concrete [73,200–202].
However, they are prone to corrosion, which is why several authors have studied the
effects of this pathology on the behavior of HPC. According to Shin and Yoo (2020) [203],
Yoo et al. (2020) [204], Lv et al. (2021) [190], and Ngo et al. (2021) [205], corrosion reduces
the strength of the cementitious composite and decreases its ductility to levels even worse
than its behavior without reinforcement. Therefore, corrosion must be severely avoided.

On the mechanical properties obtained by the application of steel fibers, Gou et al.
(2021) [206], studied the mechanical properties of HPC containing different fractions of
steel fibers in an orderly and disorderly manner in the cementitious matrix. The authors
observed, as can be seen in Figure 6a, that the use of 1.0, 1.2, and 1.5% of disordered fibers
presents compressive strength after 28 days of cure, superior to equivalent compositions
with oriented fibers. However, this pattern of behavior is changed with the use of 1.8% of
fibers because, as the fiber content is high, the workability of the cement mortar reduces,
resulting in an agglomerate of steel fibers, which causes the formation of inter-defects in
the concrete and, consequently, the loss of strength.

Regarding the flexural tensile strength at 28 days, Figure 6b, it was observed that
the oriented fibers had better results, regardless of the amount of fiber evaluated. This is
attributed by the authors to the formation of stress transfer bridges and crack propagation.
This effect is obtained in greater intensity when the fibers are properly oriented. That is
also why the results improve considerably with the use of higher amounts of fiber, where
the composition with 1.8% oriented showed a result of 40 MPa, for example.
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(a) 

(b) 

Figure 6. (a) Compressive strength, (b) flexural tensile strength fibers [206].

Other important works using steel fibers in HPC are now cited. Ashkezari et al.
(2020) [201] studied the experimental relationships between the volume fraction of steel
fiber and the mechanical properties of HPC. Bao and Pyo (2020) [67] evaluated the me-
chanical behavior and electrical properties of high-performance concrete containing fiber
incorporation for application in railway sleepers. Park et al. (2021) [207] evaluated and
verified the orientation and distribution of steel fibers in high-performance concrete pillars
using computerized microtomography. Kim et al. (2021) [63] and Kim et al. (2020) [208]
studied the benefits of applying curved steel fibers with a radius of 10–50 mm on the prop-
erties of high-performance concretes. Dingqiang et al. (2021) [209] evaluated the influence
of the use of straight and short (6 mm), straight and long (13 mm) and hook-end fibers
on the mechanical properties of UHPC, performing experimental tests and computational
analyses. The best results were obtained using 2% steel fibers with a hook, obtaining ap-
proximately 150 MPa compressive strength and 45 MPa flexural tensile strength at 28 days.
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In this way, it was concluded that the steel fiber is compatible with the cementitious matrix
for UHPC applications.

3.2. Other Synthetic Fibers

Other synthetic fibers used for HPC and UHPC applications are carbon, glass, and
polymeric materials such as polypropylene and polyethylene. Carbon fibers, composed
of thousands of unified filaments, have the advantage of greater adhesion to the cement
matrix due to their high specific area.

Relevant researches with the application of carbon fibers in HPC and UHPC may cite
the following: Afzal and Khushnood (2021) [210] evaluated the influence of carbon fibers on
the performance of UHPC exposed to high temperatures; Jung et al. (2020) [211] reported on
the changes in the structural behavior of HPC containing carbon fibers; Liu et al. (2020) [197]
measured the strength gain of HPC containing carbon fibers at early and intermediate ages;
Zhou et al. (2020) [212] evaluated the behavior of HPC e UHPC containing several types of
fiber, including carbon, exposed to high temperatures.

Glass fibers are produced using borosilicate glass (E-glass) or soda-lime-silica (A-
glass), with the advantages of being able to apply thin panels and elements without
the occurrence of corrosion. However, they can present durability problems, since the
cementitious matrix is highly alkaline, which can degrade the fiber and promote the
embrittlement of HPC and UHPC [12,64]. Some important works with this fiber are worth
mentioning. Bilisk and Ozdemir (2021) [213] studied the three-dimensional configuration
of glass fibers in cementitious composites composed of HPC and UHPC. Al-Khafaji et al.
(2021) [214] evaluated the behavior of sustainable HPC with ecological materials and
fiberglass application. Kumar et al. (2021) [215] studied the application of UHPC containing
glass fiber, and other fibers, for structural reinforcement of concrete and reported corrosion
problems. Ali et al. (2020) [216] investigated the behavior of beams subjected to bending of
UHPC containing recycled aggregates and fiberglass.

Regarding the application of glass fibers, the work by Mohamed et al. (2021) [217]
in which the authors applied glass fibers at various levels of UHPC with a w/c ratio of
0.12 and 0.14, varying the curing age in 7, 14, and 28 days, as shown in Figure 7, is worth
mentioning. The authors observed that after using 1.5% fibers, the compressive strength
results did not change. This happens because the composite has reached the fiber saturation
point, which is the point at which the matrix is not wettable to absorb the fibers used. In
concrete, this can cause a drop in strength or a loss of workability.

Figure 7. Compressive strength of HPC containing glass fibers [217].
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The most used polymer fibers are polypropylene (PP) and polyethylene (PE). The
main advantages are the low density of fibers when compared to others already mentioned
in this review. As for disadvantages, the mechanical behavior is mentioned, which is
inferior to steel, glass, and carbon fibers. Hussain et al. (2020) [218], for example, compared
the mechanical behavior of CC and HPC containing 1% steel, glass, and PP fibers, as shown
in Figure 8; as for HPC, steel fibers are the best performers, followed by glass. PP fibers
have the worst results, even though they are superior to the reference concrete. However,
as these fibers are lighter, their application should not be discarded, mainly because they
help to reduce HPC and UHPC retraction.

Figure 8. Compressive strength of HPC containing fibers: S (steel), G (glass), P (po polypropylene)
and R (reference) [218].

Other important research that used polymeric fibers are now cited. Behafarnia and
Behravan (2014) [219] evaluated the application of PP fibers in HPC to be used in water
tunnels; Zhu et al. (2017) [220] evaluated the effect of the degree of aggregate saturation
on the freeze-thaw strength of HPC e UHPC with light PP fibers; Li et al. (2018) [221] and
Li and Zhang (2021) evaluated the influence of aggregate size and inclusion of PP and
steel fibers on the hot permeability of UHPC at high temperature; Yan et al. (2021) [12]
carried out experimental research on the increase of HPC ductility using basalt fiber, PP
fiber, and glass fiber; Shen at al. (2020) [222] analyzed the effect of the length of PP fibers on
the crack strength of high-performance concrete at an early age; Yoo and Kim (2019) [223]
evaluated the influence of PE fibers on the mechanical and impact strength properties of
HPC; and finally, He et al. (2017) [224] evaluated PE fiber coating mechanisms to improve
the adhesion and mechanical properties of UHPC.

3.3. Natural Fibers

Natural fibers, such as fibers of mineral origin like basalt [12,212,225,226], and fibers of
plant origin, like sisal [72,227], as well as banana [228,229], can also be used as reinforcement
of HPC and UHPC. Their main advantages are the fact that they are renewable and
eco-friendly resources. The main disadvantages are the great variability of properties
and the possibility of degradation in an alkaline environment, especially in the case of
fibers of vegetable origin that need previous treatments to be applied in cementitious
matrices [72,227,230]. Another important advantage of natural fibers, especially vegetable
fibers, is related to the fiber’s high adherence to the OPC matrix. The adhesion mechanisms
of this type of fiber are related to the fibrous structure of the cellulose [72]. Some authors
have carried out studies on the improvement of the adhesion properties of these fibers
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through treatments with alkaline materials, which attack the fiber surface, increasing the
roughness and adhesion with the matrix [227,230].

4. HPC and UHPC Produced with Alkali-Activated Cement

Another type of HPC and UHPC that has emerged as a great potential for application
in civil construction is based on alkali-activated cement [231]. This type of cement, unlike
OPC, is composed of two materials: a powdery and amorphous component named as a
precursor, and another liquid composed of an aqueous solution of a dilute alkali metal,
named as an activator [232,233]. The types of precursors and activators will be presented
in detail in the following sections; however, in summary, they must result in composites
with similar characteristics to OPC-based HPC and UHPC: adequate flowability, high
mechanical strength, and good durability.

From the point of view of aggregates, the same as conventional HPC and UHPC are
used, namely: washed sand from rivers or crushed sand, as fine, as well as gravel or rolled
pebbles, as coarse. Thus, the materials used as precursors and activators will be discussed
in this topic, since these are the components that differentiate concretes produced from
alkali-activated cement.

4.1. Precursors: Overview

Precursors, as highlighted, are very fine materials and are predominantly amorphous,
which can have two basic chemical compositions: (i) rich in calcium or (ii) rich in alumi-
nosilicates. To classify the material, the CaO/(SiO2 + Al2O3) mass ratio is calculated. If this
ratio is greater than 1, the material is considered rich in calcium, as is the case with blast
furnace slag and some types of fly ash. If the ratio is less than 1, the material is considered
rich in aluminosilicates, giving rise to a subclass of alkali-activated materials known as
geopolymers [234,235]. This is the case of metakaolin, ceramic waste, glass waste, and
most types of fly ash.

The use of precursors, which totally replaces the application of OPC, presents as
main benefits the possibility of applying residues and agro-industrial by-products from
different sectors, producing environmental and economic advantages. This is also related
to the fact that the OPC industry is highly polluting. Alkali-activated precursors and
cement are considered alternative and eco-friendly binders [232,236,237], usually resulting
in concretes with lower CO2 emissions than OPC-based concrete (around 10%, according
to [238]). The accurate determination of the environmental impact associated with these
binders—and consequently compare it with those associated with OPC—would require a
detailed analysis which will not be addressed in this paper; nonetheless, further details can
be found in [239–241].

4.2. Precursors: Rich in Aluminosilicates

Metakaolin is one of the main precursors rich in aluminosilicates according to some
authors [233,234,242]. This is due to its high reactivity and the way in which the material is
obtained, which can be originated from ceramic wastes [243], or more commonly, due to
calcination of clays rich in kaolinite mineral, known as kaolin [244,245]. The commercial
production of metakaolin occurs with the calcination of kaolin at temperatures ranging from
500 to 800 ◦C, depending on the degree of crystallization and purity of the material [246].
The kaolinite present in the material undergoes a dehydroxylation reaction at around
550 ◦C, becoming metakaolinite. Figure 9 presents a scheme for producing metakaolin
from traditional kaolin [233,247]. Burning at temperatures below 400 ◦C is not suitable for
producing the precursor. Likewise, burning at temperatures above 950 ◦C is not suitable
either, due to the formation of mullite that does not have the ability to be alkali activated
owing to its high crystallinity and because it is not soluble in an alkaline medium [248,249].
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Figure 9. Metakaolin manufacturing process through kaolin calcination [247].

It is interesting to note that the use of metakaolin is environmentally advantageous
because metakaolin synthesis emits about 5 to 6 times less CO2 than the OPC production
process [250]. Furthermore, kaolin can be extracted not only from mineral sources but
depending on the composition it can be obtained from industrial paper waste [233]. The
different sources will influence the reactivity of the metakaolin obtained, but they are
ecologically more viable solutions. Another advantage is that, due to the high reactivity of
metakaolin, the structure formed by alkaline activation is extremely resistant, forming a
better-defined gel microstructure [233].

Regarding the disadvantages, the price of metakaolin is emphasized. Although lower
than the price of OPC, it is superior to other options of precursors rich in aluminosilicates,
such as fly ash [249]. Another disadvantage is related to the tendency of efflorescence of
the compounds obtained by the alkaline activation of metakaolin, in general, related to
the inefficiency of the chemical reaction, which can generate a whitish appearance in the
concrete obtained [251,252]. The high retraction tendency of metakaolin is also mentioned,
due to the chemical composition of the material, with higher levels of aluminum oxide [253].

Some examples of metakaolin-based alkali-activated cement are now presented. Has-
naoui et al. (2021) [254] evaluated the behavior of geopolymeric concretes produced with
metakaolin activated by hydroxide and sodium silicate with recycled fine and coarse aggre-
gates. The authors obtained compressive strength above 50 MPa at 28 days. Gomes et al.
(2020) [255] carried out the evaluation of the mechanical properties of geopolymeric con-
cretes produced with metakaolin activated by silicate and sodium hydroxide, containing
conventional fine and coarse aggregate and steel fibers. The authors analyzed the results
obtained through concepts of fracture mechanics, obtaining values compatible with ap-
plication in HPC. Dias and Silva (2019) [256] evaluated the effects of the mass ratio of
Na2O/SiO2 and K2O/SiO2 on the compressive strength of geopolymers produced with
metakaolin without the use of silicates as activators and without the use of coarse ag-
gregates. Albidah et al. (2020) [257] reported on the application of geopolymer concrete
produced from metakaolin activated by sodium hydroxide. The authors used two types of
coarse aggregates of different particle sizes, in addition to sand as a fine aggregate. The
authors also used steel fiber to reinforce the geopolymer matrix, obtaining compressive
strength results of approximately 58 MPa at 28 days of cure. Finally, Rocha et al. (2018) [258]
evaluated the mechanical properties of geopolymers produced with metakaolin activated
by hydroxide and silicate, both sodium and potassium. The authors used river washed
sand as fine aggregate. The compositions evaluated by the authors reached approximately
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40 MPa with 1 day of cure, showing compressive strength higher than 80 MPa after 28 days
of evaluation. These results are compatible with the stipulated values for HPC.

After metakaolin, the second most used precursor rich in aluminosilicates is fly ash.
As highlighted in Section 2.2, this material is obtained through the burning of mineral coal
for energy production in thermoelectric plants, being one of the most produced alternative
binders around the world, with an annual production of more than 900 million tons in
2019 [249]. Its characteristic is fine spherical particles, with a chemical composition based
on aluminum, silicon, calcium, iron, magnesium, and carbon residues [259]. Another
relevant feature is the particle size in the fly ash, ranging from <1 mm to more than
100 mm, which indicates a high specific surface area and void filling capacity. The main
disadvantage of using fly ash in alkali-activated cement is the difficulty in synthesizing
hardened products, due to the material curing, which must be done in thermal curing at
a temperature of 65 to 90 ◦C to increase the material’s reactivity, which it is very low at
ambient temperatures [246,260–262].

In the works by Luo et al. (2021) [263], the authors compared the interfacial transition
zone (ITZ) behavior of two different types of paste, one based on OPC, and another based on
alkali-activated cement produced with fly ash. The results obtained showed that the ITZ of
the alkali-activated paste is more strongly adhered to the aggregates than the cementitious
paste, contributing to the high mechanical strength of the material. Moghaddam et al.
(2021) [264] evaluated the mechanical behavior of geopolymeric concrete produced with fly
ash, using rubber as aggregates and incorporating steel fibers. The strength values obtained
were equivalent with HPC applications. Finally, the work by Pasupathy et al. (2021) [265],
investigated the durability performance of geopolymeric concretes produced with fly ash
in saline environments. The authors used two particle sizes of coarse aggregate and sand
as fine aggregate. As an activator solution, a combination of sodium hydroxide and silicate
was used. In addition to the greater durability of geopolymer concrete, when compared
to OPC-based concrete, the authors observed that the compressive strength values were
compatible with HPC applications.

Other precursors rich in aluminosilicates with high application potential are calcined
illite-smectite clays [266] or calcined feldspars [267,268]. In addition to these, there are vol-
canic ash, natural pozzolans, and metallurgical slag with low amounts of calcium [269–272].
Recently, some authors have proposed the application of industrial waste, such as chamotte,
waste from the ceramic industry [243], and magnesium phosphate from the chemical indus-
try for the production of ammonium [273]. In the studies mentioned above, the alternative
precursors shown compatible performance when compared with conventional precursors
(e.g., metakaolin), indicating its potential applications in HPC and UHPC. However, further
investigations are required to confirm their use for these applications.

4.3. Precursors: Rich in Calcium

Regarding calcium-rich precursors, the main materials used are steel residues or
by-products, mainly blast furnace slag. The alkaline activation of these materials results
in products similar to those obtained during the hydration of OPC such as C-S-H, but
with the potential to be even stronger [236,274]. Regarding calcium-rich precursors, the
main materials used are steel residues or by-products, mainly blast furnace slag. The
alkaline activation of these materials results in products similar to those obtained during
the hydration of OPC such as C-S-H, but with the potential to be even more resistant [275].
In fact, blast furnace slag is already reactive in water, but with very low kinetics. Thus, the
presence of alkaline compounds only accelerates the material’s hardening reaction [276].
This, in fact, is what motivates the use of slag as a substitute for clinker. Indeed, in the
presence of this binder, which during the hydration step forms a solution rich in calcium,
the slag can be activated.

The products obtained by the alkaline activation of blast furnace slag in the presence of
sodium hydroxide or sodium silicate are composed of hydrated calcium silicates, however,
showing substitution of chemical species Si by Al. Figure 10 allows us to understand the
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alkaline activation process of the slag, comparing it to the hydration process of OPC. It
is observed that the OPC hydration reaction produces large calcium chains linked to Si
tetrahedrons and with the presence of chemically linked interstitial water. This structure
is called the Dreiketten structure [232,233,275]. In the case of alkaline activation of blast
furnace slag, very similar calcium chains are formed. However, some Si tetrahedra, attached
to the calcium structure, are replaced by Al tetrahedrons, which allows the formation of
cross-links between different Dreiketten chains, giving greater rigidity and strength to the
formed compounds. The occurrence of cross-links chemically unbalances the compounds
formed by the alkaline activation of the slag, which is why the presence of alkaline ions,
preferable metals such as Na+1 and K+1, is necessary to promote the balance of charges.
Other metallic ions can also occupy the interstice of the chains, as is the case of Al+3 e Ca+2.
In addition to these ions, there is the presence of chemically bound interstitial water in the
structure of this material, which is called C-A-S-H or tobermorite [277,278], to differentiate it
from hydrated OPC products, usually nomenclated as C-S-H. The microscopic appearance
of tobermorite is illustrated in Figure 11.

The main disadvantages of the application of blast furnace slag as a precursor in
alkali-activated cement are related to the loss of workability in the material in the fresh
state. Marvila et al. (2021) [236] evaluated the rheological aspects of HPC produced with
alkali cement activated on the basis of blast furnace slag and sodium hydroxide solution.
The authors observed that in smaller amounts of sodium, up to 7.5% Na2O, the obtained
material behaved rheologically similar to materials based on OPC. However, at levels
above 10% of Na2O, the materials behaved rheologically as fluids with high initial yield
stress and dynamic viscosity, impairing the applicability of the material. However, this
characteristic is not so relevant, because, as aforementioned, blast furnace slag is reactive
to lower levels of alkalinity, enabling the application of the material with lower amounts of
sodium.

It is worth highlighting some recent studies that proved the viability of using blast
furnace slag as a precursor of alkali-activated cement. For example, Chen et al. (2021) [279]
verified the effects of alkaline solution dosage on the properties of materials produced with
alkali-activated blast furnace slag, obtaining compressive strength values above 60 MPa
after 1 day of cure and above 100 MPa at 28 days, with results equivalent to the production
of UHPC. He et al. (2021) [280] also produced materials based on alkali-activated cement
from blast furnace slag, evaluating the influence of hydrated lime as an activated agent for
the material. The results obtained were above 40 MPa after three days of curing and above
70 MPa after 28 days, with respect to compressive strength. Therefore, the feasibility of
applying blast furnace slag as a precursor for alkali-activated materials is proven. Other
examples of calcium-rich precursors with potential for application in alkali-activated
cement are gypsum desulfurization waste (FGD), cellulosic paper sludge residues and
marble residues, which are also amorphous and fine.

Another possibility of alkali-activated cement widely used by some authors is the
combined application of calcium-rich and aluminosilicate-rich precursors, as is the case
reported by Neupane and Hadigheh (2021) [281]. These authors produced an HPC with
alkali-activated cement using silica fume and blast furnace slag, also considering two
types of fine aggregate (medium and fine sand) and two types of coarse aggregate, with
different particle sizes. The compressive strength results obtained were higher than 30 MPa
after 7 days of curing and higher than 50 MPa after 28 days, proving the application of
the material as an HPC. Kotop et al. (2021) [282] evaluated the engineering properties of
concrete obtained from alkali-activated cement of fly ash and calcium-rich slag, using the
application of nanoclays and carbon nanotubes. The compressive strength results obtained
reached 60 MPa at 28 days, proving the viability of this type of material for HPC application.
The work by Mahmood et al. (2020) [283] also evaluated the mechanical properties of
concrete produced with alkali-activated cement-based on fly ash and blast furnace slag,
using coarse and fine aggregates and alkaline solution based on hydroxide and sodium
silicate. The results obtained for compressive strength at 28 days are above 50 MPa.
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Figure 10. (a) Structure of the C-S-H; (b) Structure of C-A-S-H.

4.4. Activator Solution

The activating solution is produced by dissolving hydroxide and/or silicate of some
alkaline metal in water as well as varying parameters of molarity and mass concentration.
In general, the most used activators are sodium and potassium hydroxide, in addition to
sodium silicate [258]. They play the same role as water in the hydration reaction of OPC,
that is, starting the chemical reaction process of hardening the binder.

Some authors highlight the importance of using activated agents obtained by dissolv-
ing silicates since, in the alkaline activation of precursors rich in aluminosilicates, alumina
dissolves before silica [232]. Thus, the use of silicates increases the reaction kinetics be-
cause it already provides, in a faster way, the necessary silica species for the activation
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reaction [233,275]. However, it favors the occurrence of efflorescence. In the case of alkaline
activation of calcium-rich precursors, the need for the formation of tobermorite (C-A-S-H).

Figure 11. Scanning electron microscopy illustrating tobermorite obtained by activating alkali cement
activated on a blast furnace slag base [236].

One of the disadvantages of using silicates is the high cost associated with this material.
This highlights the need for alternative activated agents, which, in addition to reducing the
cost of alkali-activated cement, contribute to the sustainable development of this type of
HPC and UHPC, as indicated by Mendes et al. (2021) [284]. It is suggested, for example,
the use of activated rice husk ash, glass waste, and silica fume.

5. Conclusions and Suggestion for Future Work

The main objective of this review article is to evaluate relevant concepts related to
precursor materials used for the production of HPC and UHPC. Although there is no
normative definition, these concretes can be understood as materials with high mechanical
strength, good workability parameters, and high durability. After consulting the bibliog-
raphy, a limit of 50 MPa for HPC and 100 MPa for UHPC was established, analyzing the
compressive strength at 28 days.

Initially dealing with classic HPC and UHPC, which generally uses the same construc-
tion materials as conventional concrete, it was observed that the main type of OPC used
is one that is richer in clinker and with few mineral additions. This is necessary so that
pozzolans with superior quality and reactivity than those used in OPC production are used
in the production of HPC and UHPC. From a chemical and mineralogical point of view, it
is preferable to use OPCs rich in C3S and C2S, that is, with low levels of oxides of Al2O3
and Fe2O3.

Regarding mineral additives, the most used are pozzolanic ones, such as fly ash and
silica fume, although there are HPC and UHPC applications using blast furnace slag. Silica
fume is the ideal pozzolan due to its high specific surface, high amorphism content, and
high presence of SiO2 (>95%). This promotes the occurrence of pozzolanic reactions in a
more intense way. Regarding aggregates, greater care must be taken when applying them
in HPC and UHPC than with aggregates used for CC. These precautions are related to the
degree of packaging, chemical composition, and shape of the grains.

For the production of HPC and UHPC, it is essential to use chemical additives, espe-
cially shrinkage mitigators and superplasticizers that allow the reduction of the w/c factor
without loss of workability. The 3rd generation of superplasticizers, which work due to the
electrical repulsion effect and the steric effect, are the most used for these applications.
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Due to the low tensile strength and lack of ductility of HPC and UHPC, some authors
proposed the inclusion of fibers for the formation of composites. The main type used is
steel, followed by carbon, glass, polymeric and natural, such as sisal. The fiber improves
mechanical properties but reduces workability properties due to the densification of the
cement matrix. As a result, fiber contents must be studied to avoid harming the behavior
of HPC and UHPC.

Another new perspective on the application of HPC and UHPC emerged due to the
environmental problems generated by the production of OPC clinker. Thus, the use of
alkali-activated cement, with the possibility of using waste and by-products as a binder,
became a reality. The alkali-activated cement is produced through a precursor, rich in
calcium (usually with >20% CaO) such as blast furnace slag, or rich in aluminosilicates,
giving rise to geopolymers. The main precursors of this last group are metakaolin and low-
calcium fly ash. The main difference between the high-calcium and low-calcium precursors
is that the former presents a higher reaction rate due to the higher solubility of calcium in
comparison with silica and alumina, generally leading to higher mechanical strength at
early ages compared with the latter. In addition, high-calcium precursors form calcium
aluminosilicate hydrate (C-A-S-H) as the binding phase, while low-calcium precursors
form 3D sodium/potassium aluminosilicate hydrate (N/K-A-S-H) frameworks. The last
component used is the alkaline solution, generally based on sodium and/or potassium
hydroxides or silicates. The results obtained, both in the fresh and hardened state, are
compatible with HPC and UHPC applications. Besides, alkali-activated HPC and UHPC
composites tend to present higher durability when compared with OPC-based composites.

In general, HPC and UHPC produced with OPC (and mineral admixtures) are easier
to produce in practice because they do not require the manipulation of highly alkaline
materials. In turn, those produced with alkali-activated materials generally have a lower
environmental impact.

Finally, some perspectives for future work are highlighted:

• Further standardization of fiber application methodologies in HPC and UHPC;
• Development of HPC and UHPC with other natural, renewable, and more economical

fibers, such as piassava, açaí, guaruman, and pineapple fibers;
• Development of alkali-activated cement dosage methodologies for application in HPC

and UHPC;
• Application of other agro-industrial residues and by-products as precursors of alkali-

activated cement, such as sugarcane bagasse ash and rice husk ash;
• Research on mechanisms to improve the workability and aspects of alkali-activated

cement without loss of mechanical strength;
• Development of activated agents that are more ecological than sodium and/or potas-

sium hydroxides and silicates used for the application of alkali-activated cement, such
as those based on glass residue and rice husk ash.
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Abstract: The ever-growing consumption and improper disposal of non-biodegradable plastic
wastes is bringing worrisome perspectives on the lack of suitable environmentally correct solutions.
Consequently, an increasing interest in the circular economy and sustainable techniques is being
raised regarding the management of these wastes. The present work proposes an eco-friendly
solution for the huge amount of discarded polyethylene terephthalate (PET) wastes by addition
into soil-cement bricks. Room temperature molded 300 × 150 × 70 mm bricks were fabricated with
mixtures of clay soil and ordinary Portland cement added with up to 30 wt.% of PET waste particles.
Granulometric analysis of soil indicated it as sandy and adequate for brick fabrication. As for the PET
particles, they can be considered non-plastic and sandy. The Atterberg consistency limits indicated
that addition of 20 wt.% PET waste gives the highest plasticity limit of 17.3%; moreover, with
PET waste addition there was an increase in the optimum moisture content for the compaction and
decrease in specific weight. Standard tests showed an increase in compressive strength from 0.83 MPa
for the plain soil-cement to 1.80 MPa for the 20 wt.% PET-added bricks. As for water absorption, all
bricks displayed values between 15% and 16% that attended the standards and might be considered
an alternative for non-structural applications, such as wall closures in building construction.

Keywords: building materials; PET; compressive strength; water absorption

1. Introduction

The scarcity of natural resources and the generation of solid wastes without adequate
disposal is of worldwide concern, which makes their reuse feasible in the civil construction
sector, besides encouraging sustainable development and a circular economy [1–4]. The
solid waste problem is of concern mainly in urbanized regions and developing countries
where collection and disposal services have difficulties dealing with increasing amounts of
waste [2]. As a result, waste is either disposed in open, uncontrolled dumps, accounting for
61% of the landfill sector’s CO2 emissions, or burned in the open dumps, accounting for
40% of global waste [5]. Sustainable solid waste management has become a necessity for
industries seeking to promote industrialization and sustainable development. Government
regulations have become more stringent around the world, representing an accelerating
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factor in the adoption of reverse logistics initiatives, including in countries that have been
facing difficulties in recycling processes, thus giving more space for the use of this waste
within its life cycle [4].

Global plastic production is growing rapidly and by 2030 the world may produce
about 619 million tons of plastic per year [6]. A study by Spósito et al. [7] emphasizes
that post-consumer polyethylene terephthalate (PET) products have generated a growing
interest regarding their recycling potential and their negative impacts on the environment,
such as pollution and long degradation time. According to WWF [8], phasing out single-use
plastics has the potential to reduce plastic demand by up to 40% by the year 2030. Thus,
the current scenario requires a more sustainable route for the recycling of this waste, which
if not realized will increase the environmental imbalance due to its non-biodegradability in
nature [8,9].

The growing demand for sustainable products has encouraged several studies that
search for alternative techniques regarding the reuse of waste in construction materials,
such as mortars with sugarcane bagasse [10], cement pastes with açai fiber [11,12], blast
furnace slag [13,14], construction and demolition waste [15], ceramic materials with rice
ash water treatment plant sludge [16], pulp and paper industry sludge [17], construction
and demolition waste [18], and agricultural waste [19], as well as concrete with plastic
waste [20]. Therefore, research also highlights the reuse of plastic waste in construction
materials [19,20] such as paving [21], mortar [7], concrete [19,20,22,23], fired clay blocks,
and bricks [24], as well as unfired blocks and bricks [25,26], thus showing PET (Figure 1a)
as an addition in the production of these materials.

Figure 1. Materials used: (a) PET waste; (b) soil-cement brick.

Among the various building materials available for waste addition stand soil-cement
bricks (Figure 1b), the use of soil-cement bricks presents many advantages from the envi-
ronmental point of view. There is no need for a burning process, which is associated with a
reduction of greenhouse gas emissions and enhanced technological properties. Another
advantage is the reduction of costs when these bricks are used for the execution of masonry
due to the dismissal of the use of mortar to join the bricks of a fitting type [16,27]. Thus, this
construction material has potential for use in small and medium sized buildings without
structural function, in addition to having a low financial cost [28,29].

The soil-cement bricks allow the incorporation of waste in their composition and
reduce costs up to 40% compared to traditional masonry, especially in low-income housing.
In this way, the brick can be considered more sustainable in relation to the traditional
brick [30]. In this context, it is also possible to verify the use of waste in soil-cement
bricks as shown França et al. [28], who studied the durability of soil-cement bricks with
incorporation limestone waste. The authors used 30%, 40% and 50% of waste for the
manufactured soil-cement mixtures. The results verified that the incorporation of waste
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rock was technologically feasible. The parameters studied for compressive strength, water
absorption and durability showed superior performance of bricks with waste incorporation.
Reis et al. [31] evaluated the incorporation of quartzite mining tailings in soil-cement bricks.
The authors tested additions of quartzite tailings at 0%, 15% and 30%. The results showed
that the compressive strength of the soil-cement bricks decreased with the addition of
quartzite waste. However, the authors observed that the results of compressive strength
and water absorption performed at 7 and 28 days demonstrated the possibility of using
the waste without compromising the physical and mechanical properties required by the
standard, thus verifying that the soil-cement brick is a viable technique for the disposal of
this type of waste. Kongkajun et al. [32] evaluated soil-cement bricks with incorporation
of construction waste (clay bricks) and fiber-cement industry sludge. The authors used
15 wt.% of Portland cement, 15 wt.% of sand and 70 wt.% of laterite to produce the bricks.
The clay brick waste was added from 10% to 50 wt.% of laterite in the control samples.
Sludge, on the other hand, was added at 5% and 10 wt.% to replace the total weight of the
mixture in the control samples. The maximum obtainable substitution of laterite for clay
brick waste was 50 wt.% in the mixture. Maximum compressive strength was achieved
for the 10% replacement of laterite with clay bricks. Partial replacement of laterite with
clay bricks improved the compressive strength of soil-cement bricks for load-bearing brick
application. Although the incorporation of silt caused a reduction in the compressive
strength of the brick samples compared to the samples prepared from the control sample,
they still exceeded the Thailand community product standard. Increasing the percentage
of sludge from 0% to 10 wt.% resulted in a significant decrease in thermal conductivity of
45% compared to the control formula. When using the sludge and clay bricks, the thermal
conductivity and density of the bricks were further reduced, while their compressive
strength and water absorption values were still satisfactory.

Kouamé et al. [33] verified the influence of shea butter wastes on the physical prop-
erties of cement-stabilized soil bricks. The authors used three local clay raw materials
consisting mainly of kaolinite, quartz and micaceous phases, as well as shea butter waste
and cement. In the mixtures tested, the amount of cement was kept constant (5%), while
the amount of shea butter waste varied from 2% to 10%, replacing the soil. The results
obtained by the authors showed that the presence of pores due to the shea butter waste
influences the reduction of density and thermal conductivity of the bricks. A 25% decrease
in thermal conductivity was verified for the samples with clay F, 16% for the samples with
clay K, and 22% with clay Y. The authors concluded that the bricks showed good stiffness
related to the presence of cementation phases. Therefore, for the samples with clay F and
clay Y, the replacement rate of 6% by the shea butter waste was sufficient as compared to
8% for the formulations with K to obtain a physical property. Thus, they found that the
shea butter waste offered good thermal insulation and good stiffness properties with a
lower amount of cement used.

Vilela et al. [34] evaluated the incorporation of mining waste in soil-cement bricks
for soil substitution at 10%, 20%, 30% and 40% of waste. As for the mechanical strength,
the authors found that all treatments showed values above the required standards, with
the minimum standard value being set at 2.0 MPa. The treatment with 10% mining waste
presented the best results. The thermal conductivity showed a direct link with the density
of the bricks since the increase in density (bricks with 40% mining waste) led to a material
with a lower heat dissipation property. The study showed that the addition of mining
waste to soil-cement bricks met all the required standards [34].

In this sense, the use of plastic waste can also be considered in studies such as [7],
which showed that hydrated mortars produced with PET bottle waste replaced the fine
aggregate in the mixture and suffered changes in properties in their fresh and hardened
states. Reference [21] investigated the effects of PET waste on hardened properties in
high strength concrete and the investigation showed the interference of high temperatures
on concrete properties, in this case, the occurrence of material fragmentation and the
release of greenhouse gases. Reference [22] evaluated PET blends for sidewalk sub-bases,
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highlighting bottles and food packaging taken from collection points and crushed into
mixtures with two main constituents of waste materials or construction and demolition
by-products: concrete aggregate and crushed brick.

Studies by [24] found that compared to normal concrete, high strength concrete
has a failure mode and that the lack of ductility can be solved by using different types
of plastic fibers. Akinyele et al. (2020) evaluated the incorporation of PET into fired
blocks varied by 0%, 5%, 10%, 15% and 20% and found changes in the samples with
respect to high temperature, compressive strength and water absorption. Reference [23]
investigated concrete with added waste plastic by varying it at 0%, 5%, 10%, 15% and 20%
and found that the concrete showed failure in shear, while in the hardened state it showed
gradual reduction in the strength of the material as more granular plastic was added to the
concrete mix.

According to [27], the addition of plastic waste in pressed blocks with a variation of 0%,
1%, 3%, and 7% showed that the compressive strength of the stabilized earth block without
additives was low and that there was an initial increase in compressive strength with
increasing plastic waste. The optimum compressive strength for the study was obtained
for blocks containing 1% crushed plastic waste, whose particle sizes were less than 6.3 mm.
The increase in compressive strength was 244.4% when compared to the block without the
addition of plastic waste.

This paper aimed to evaluate the influence of the incorporation of polyethylene
terephthalate (PET) waste in the properties of soil-cement bricks. The study emphasizes
mainly the analysis of characterization of the materials used, since this type of brick has
particularities for its manufacturing. Therefore, characterization of the soil was performed,
as well as the PET waste, to see the relationship of both in the mixtures. The compaction
curves were also highlighted, since most studies have difficulties regarding the optimum
moisture content used in the production of mixtures for this type of masonry. Moreover,
this work also presents the PET waste as an innovation since it is still minimally used and
not often discussed in research on the subject of soil-cement.

2. Materials and Methods

2.1. Materials and Mixtures

The sandy-clay soil used in the experiment was collected from a deposit located
in Campos dos Goytacazes, Rio de Janeiro, Brazil, at a depth of 1.0 m on average, after
removing the top-soil layer with a high percentage of organic matter. The samples were
separated in plastic bags and kept hermetically sealed in order to maintain the humidity of
the material. After collection, the soil was divided into different portions for homogeneity
of the moisture of the samples. Then, the soil was crushed to reduce its volume, thus
standardizing its granulometry. After this step, the soil was sieved, using a sieve with an
aperture of 4.75 mm according to [35]. The distribution of the grain sizes of the collected
soil samples and mixtures was performed by sieving, according to the procedures by [36].
The consistency limits (Atterberg) of the soil and mixtures were tested, determining the
plastic properties of the samples according to [36,37]. Normal Proctor compaction tests
were performed for soil and mixtures according to [38,39].

The PET waste used in this research presented particles of virgin material supplied by
industries, with physical breakdowns and without contaminants as well as recycled PET
treated post-consumer waste, i.e., mixed, with a uniform granulated aspect and white color.
As a soil stabilizer, ordinary Portland cement type CPV-ARI was used, which has a high
initial strength and is widely used in materials that require rapid hardening [16,27]. By
considering that the bricks produced are molded, the use of this type of cement facilitates
the transportation of the machine to the curing sites, avoiding its disintegration.

To perform the morphological analysis of the PET incorporated into the bricks, scan-
ning electron microscopy (SEM) model FEG Quanta 250, belonging to the Laboratory of
Electron Microscopy (LME) of the Military Institute of Engineering, Rio de Janeiro, Brazil
(IME) was used. For this, the PET sample was coated with gold film and analyzed at
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60 × magnification. To make the bricks, the mixture used was in the proportion of 1 part
cement to 6 parts of soil (1:6). The bricks with 10% addition of PET in relation to the soil,
20% addition of PET in relation to the soil and 30% addition of PET in relation to the soil
were analyzed in addition to the reference mixture, which was without any addition of
waste (Table 1).

Table 1. Compositions (vol.%) of the soil-cement mixtures.

Mixtures Soil (vol.%) Cement (vol.%) PET (vol.%)

0% 90 10 0
10% 80 10 10
20% 70 10 20
30% 60 10 30

Before manufacturing, the materials used in each mixture were weighed with the aid
of a digital scale. After weighing, the mixture (soil, waste and cement) was homogenized
with the aid of a mechanical mixer. The addition of water was done with a sprayer in
order to distribute the water in the mixture in a controlled and uniform way, thus avoiding
the formation of lumps of soil concentrated by the excess of water. The amount of water
used was calculated according to the optimum moisture found in the Normal Proctor
compaction tests, as shown in studies by [27,33].

2.2. Experimental Procedures

Compaction tests were performed for the soil and the mixture with PET according
to [37,38]. They related the moisture content to be used with the specific weight of the soil
samples and the mixtures with PET. To perform the compaction test, a cylindrical mold
(Normal Proctor) was used, with a base attached to a metal socket which has a drop control
apparatus [40,41].

The molding process of the bricks was performed according to [35] at the company
Arte Cerâmica Sardinha, located in Campos dos Goytacazes. A hydraulic press, Model
7000 Turbo II, of the manufacturer Ecomáquinas, Navegantes, Santa Catarina, Brazil, was
used, which has a molding capacity of up to 2 bricks at a time and a compression pressure
of approximately 15 tons. The bricks were made in the size of 30 × 15 cm (length × width)
and variable height of 7 cm ± 1 cm, with 2 holes and a useful area of 80%.

After making the bricks, the curing process was carried out by water sprinkling for
28 days. The process occurred in a humid chamber, where the specimens were placed on
pallet racks covered with plastic sheeting, and during the 28 days constant humidity was
added to the bricks through the water pump sprayer to help in the hydration process of
the cement. The compressive strength was analyzed after 7 and 28 days of curing. For the
statistical analysis, 7 samples of each treatment were used. The dimensions of the samples
were measured with a calliper, according to the ABNT standards [40,41]. Then the bricks
were cut in half (Figure 2a) in the transverse direction, having the upper part of the socket
removed, as recommended by the ABNT standard [41]. The cuts were made with the aid
of an electric saw (Figure 2b). Next, the cut halves were overlapped and joined by cement
paste and then the capping was performed.
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Figure 2. Brick capping step: (a) Bricks cut in half; (b) upper part of socket removed.

The cement used to make the capping paste was the same CPV-ARI used in the
manufacture of the bricks. After capping, the bricks were submerged in water for 24 h
to ensure their saturation before rupture, which was performed in the press Model 100 T
Manual Hydraulic Press DIG.110/220, Solotest, São Paulo, Brazil.

The water absorption test of the bricks was performed according to the ABNT stan-
dard [42,43] at 28 days after manufacturing. Three bricks of each mixture were used, which
were dried in a SOLAB oven, SL-100 model, with temperatures ranging between 105 ◦C
and 110 ◦C until reaching constant mass, for 48 h and then stored. After this period, the
weight of each of the bricks was measured with the aid of a digital balance brand Marte,
Model AD5002, São Paulo, Brazil to obtain the dry mass (g), as recommended by the
ABNT standard [43]. Then, the bricks were immersed in water for 24 h, and after this
saturation step, they were dried superficially with the help of a clean and dry cloth and
then weighed again to obtain the wet mass (g). The water absorption of the bricks was
obtained, according to the ABNT standard [43]:

A(%) =
(m1 − m2)

m2
× 100 (1)

where: A—is the water absorption (%); m1—is the dry mass of the specimen (g); m2—is
the mass of the saturated specimen (g).

Analysis of Variance (ANOVA) was used to verify the existence of significant differ-
ences between the results obtained. Statistical differences were confirmed by means of the
comparison of means test, using Tukey’s method (p < 0.05). The experimental design used
was the Completely Randomized Design for the two variables analyzed: water absorption
and compressive strength. For water absorption, three specimens were used for each
treatment (28 days of curing): 0%, 10%, 20% and 30%. For compressive strength, seven
specimens were used for each of the four treatments (7 days and 28 days of curing).

3. Results and Discussion

3.1. Characterization of Materials and Mixtures
3.1.1. Granulometric Analysis

The soil used for making the bricks, according to its particle distribution, showed
57.1% sand, 24.3% clay and 18.6% silt fraction, which is classified as sandy clay soil
according to the ABNT standard [44]. This soil is considered suitable for making bricks as
recommended by [45], who state that soils with sandy characteristics are the most suitable
for the confection of soil-cement bricks, and also by the ABCP [46]. Indeed, the results
of the granulometric analysis of the soil indicated that 100% passed through the ABNT
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4.8 mm sieve (n◦. 4) and 10% to 50% passed through the ABNT 0.075 mm sieve (n◦ 200), as
observed in the granulometric curve presented in Figure 3.

Figure 3. Natural soil and PET waste granulometric analysis.

The particle size distribution of PET particles was 99.9% sandy, 85.5% coarse, 11.5%
medium and 2.9% fine particles, as shown in Figure 3. Since PET did not present consistency
limits nor hygroscopicity, it can be considered non-plastic and sandy, according to the
ABNT standard [44].

3.1.2. Consistency Limits

The consistency limits of the soil used presented the plasticity index (PI) values in
Table 2. Thus, it was possible to verify that the values were adequate, since the PI for
the production of soil-cement bricks should be up to 18%, as shown in studies [45,46]. In
addition, the results reached the reference values for the manufacture of soil-cement bricks,
i.e., soils with the maximum limit of 45% for liquidity limit (LL) and 18% for plasticity limit
(PL), as well as those recommended by the ABNT standard [35].

Table 2. Sample consistency limits.

PET (%) LL (%) PL (%) PI (%)

0% 40.1 22.4 17.7
10% 34.0 20.0 14.0
20% 36.7 19.4 17.3
30% 33.8 18.4 15.3

* Liquidity Limit (LL), Plasticity Limit (PL) and Plasticity Index (PI).

Differently from the results of the soil (reference sample), the values of the PET-Soil
cement mixtures showed decreased LL, PL and PI compared to natural soil. This occurred
due to the addition of PET waste (sandy fraction), showing that with an increase in the
percentage of addition, the greater the amount of water needed in the mixture to get out of
its plastic state. This can be related to the workability of the mixture, i.e., the greater the
amount of water added, the lower the workability of the mixture [47,48].
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3.1.3. Moisture Content and Compaction Energy

The optimum compaction moisture results with the respective maximum densities of
the mixtures are presented in Table 3.

Table 3. Optimum compaction humidity and maximum mixture densities.

PET Specific Weight (kN/m3) Optimum Humidity (%)

0% 17.8 14.5
10% 16.6 15.0
20% 15.6 15.3
30% 13.9 16.5

The results in this table showed that with the increase of PET waste, there was an
increase in the optimum moisture content of compaction and a decrease in the maximum
specific weight. As for the decrease in maximum specific weight, this is due to the density
value of the PET waste being lower than that of the natural soil. Moreover, the sample mass
decreased as water was added to the compaction process because the waste did not have
plastic properties. With this, as the water addition increased, it was possible to verify that
the workability was decreasing, therefore this is also related to the compaction strength,
as reported in study by Akinyele and Ajede [23]. The compaction curves of the mixtures
are presented in Figure 4. Moreover, the curves proved (especially between 0% and 30%)
the difference between the mixtures in relation to the addition of waste, i.e., the higher the
percentage of addition, the greater the difficulty of reaching the optimum moisture content
with increasing percentage of PET.

Figure 4. Compaction curves and optimum moisture of mixtures. Percentages (%) indicate the
amount of water content in each mixture (0%, 10%, 20% and 30%).

3.1.4. Microstructural Characterization

A morphological analysis in Figure 5 by SEM showed that PET presents high surface
area and irregularities in the shape and size of its particles. These are typical of different cut-
ting and crushing processes of the waste, as shown in studies by Siqueira and Holanda [49].
As the particles present an irregular distribution, smaller sized particles can occupy the
free spaces left by larger sized particles, forming particle packing [50].
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Figure 5. Scanning Electron Microscopy (SEM) of PET 60× magnification.

3.2. Technological Characterization of Bricks
3.2.1. Compressive Strength

The compressive strength analysis of the bricks produced with different levels of
in-corporation of PET waste showed a significant difference between the percentages, as
well as between the ages. At seven days, the bricks made with 20% and 30% addition of
PET waste showed the highest values of compressive strength, values that did not differ
statistically between them. At 28 days, the highest average value was observed for the 20%
addition (1.80 MPa), followed by 30% (1.45 MPa) and then the lowest values (0% and 10%)
with no differences between them, as shown in Table 4.

Table 4. Compressive strength of samples at 7 and 28 days.

PET (%)
Compressive

Strength
7 Days

Standard
Deviation

7 Days

Compressive
Strength
28 Days

Standard
Deviation
28 Days

0 0.68 Ba 0.132 0.83 Ca 0.115
10 0.88 Ba 0.053 0.89 Ca 0.043
20 1.56 Ab 0.270 1.80 Aa 0.111
30 1.39 Aa 0.120 1.45 Ba 0.118

* Val. * Values followed by the same letter, uppercase in the column and lowercase in the row, do not differ at the
level of 5% by Tukey’s test.

According to the results, it was possible to observe that an increase in compressive
strength occurred in bricks with different PET mixtures (20% and 30%). The samples
with 20% PET reached the average value of compressive strength required by the ABNT
standard NBR 15270-1 [51], which recommends 1.5 MPa for the total average of the samples.
The mixtures with more PET had more water content. Since the PET particles were larger
and the material was not porous, more water was available for cement hydration, which
was probably the main reason why higher strengths were achieved, considering that the
cementitious matrix does not have as good adhesion with PET [23].

The higher the concentration with smaller diameters of PET particles, the lower the
probability of an increase in the number of voids and the direct interference in the strength
of bricks [7]. In the case of 30% PET samples, Akinyele and Ajede [23] stated that the greater
the amount of plastic, the greater the amount of water needed to improve workability;
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in this case, it is possible to further state that the lack of water needed for hydration also
correlated with lower strength. However, the authors state that this waste can be considered
to replace fine aggregates up to 20% in cement-based materials. Additionally, the worse
workability of the mixtures with a high amount of PET could be attributed not only to
the higher particle size, but also to the rough and irregular shapes of the PET particles, as
shown in the SEM images.

Regarding the reference sample (0% PET) and the samples of bricks with different
incorporations of PET, they did not reach the average established by [43]. It is also estimated
that they may have suffered interference in relation to cement hydration due to the type
of cure used (humid chamber), damaging their strength. The incorrect hydration of the
cement is generally due to the lack of water or humidity necessary for the cement to react,
as shown in [49–52]. As for the ages, there was no difference for most of the treatments
due to the cement used being CPV, which has greater strength gain at early ages in view of
its better quality due to finer grinding.

3.2.2. Water Absorption

The analysis of water absorption in the bricks in Table 5 showed that there was no
significant difference between the mixtures (p < 0.05). Thus, it was found that the amount
of PET incorporated in all mixtures did not interfere with water absorption.

Table 5. Water absorption of samples at 28 days.

PET (%) Water Absorption Standard Deviation

0 16.23 A 1.057
10 15.93 A 0.109
20 15.27 A 0.252
30 15.21 A 0.283

* Values followed by the same letter, uppercase letters in the column do not differ at the 5% level by Tukey’s test.

According to the ABNT standard [43], the water absorption values should not present
average values higher than 20%, nor individual values higher than 22%. Considering that
PET is a material that does not absorb water, it is believed that it contributed to the bricks
not presenting high water absorption. This was confirmed by Górak et al. [53] in studies of
the effect of incorporating PET waste into cementitious composites, which indicated that
the particle size of the waste has a significant effect on water absorption in relation to its
porosity [54–57].

4. Conclusions

The soil used in the study, according to its particle distribution and sand characteristics,
is considered suitable for use in the manufacturing of soil-cement bricks. Indeed, the soil
with 57.1% sand fraction, 24.3% clay fraction and 18.6% silt fraction is classified as sandy
clay soil. The PET waste corresponded to 99.9% of sandy particle fraction, with 85.5% coarse
particles, 11.5% medium particles and 2.9% fine particles. It was possible to verify that as
the addition of PET increased in the mixtures, the higher the content of sandy particles.

As for the optimal moisture content and compaction energy, it was observed that
the natural soil (without waste addition) showed optimal moisture value and maximum
specific weight satisfactory. For the mixtures, the greater the addition of PET (10%, 20%
and 30%), the greater the optimum humidity of compaction, in addition to a decrease in
maximum specific weight. This revealed that the higher the addition of water, the lower
the workability of the mixture, thus interfering in the mechanical strength.

The evaluated PET waste can be classified as sandy grain size and non-plastic waste.
Through its microstructure it was possible to verify the rough and irregular shapes of the
PET due to its crushing and processing.

Based on the evaluation of the physical and mechanical tests of soil-cement bricks,
it was possible to verify improvement in their properties with the incorporation of PET.
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The average compressive strength with the incorporation of 20% PET managed to reach
the value of 1.80 MPa, i.e., above 1.50 MPa which is the minimum value established by
the Brazilian standard. As for water absorption, the bricks showed satisfactory values and
complied with the values established by the standard, i.e., not presenting average values
higher than 20% or individual values higher than 22%.

For future studies related to the results of this work, it would be important to consider
that although the amount of water in the mixture increased according to the amount of
PET, it could compensate with an additional hydration of cement particles, suggesting
higher strengths of the bricks.

Thus, the incorporation of PET in soil-cement bricks can be considered an alternative
for non-structural applications, such as closing walls in building construction. More-
over, this study verifies that it is possible to reduce the environmental impacts of this
type of waste, as demonstrated in the bricks made with 20% PET waste. However, it
is necessary to consider further studies regarding the life cycle of this type of material,
especially its final cycle and durability, in order to enhance applications and avoid greater
environmental impacts.
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Abstract: The study was carried out with the aim to demonstrate the applicability of a combined
chemical–electrochemical process for the dismantling of waste printed circuit boards (WPCBs) created
from different types of electronic equipment. The concept implies a simple and less polluting process
that allows the chemical dismantling of WPCBs with the simultaneous recovery of copper from the
leaching solution and the regeneration of the leaching agent. In order to assess the performance
of the dismantling process, various tests were performed on different types of WPCBs using the
0.3 M FeCl3 in 0.5 M HCl leaching system. The experimental results show that, through the leaching
process, the electronic components (EC) together with other fractions can be efficiently dismounted
from the surface of WPCBs, with the parallel electrowinning of copper from the copper rich leaching
solution. In addition, the process was scaled up for the dismantling of 100 kg/h WPCBs and modeled
and simulated using process flow modelling software ChemCAD in order to assess the impact of
all steps and equipment on the technical and environmental performance of the overall process.
According to the results, the dismantling of 1 kg of WPCBs requires a total energy of 0.48 kWh,
and the process can be performed with an overall low environmental impact based on the obtained
general environmental indexes (GEIs) values.

Keywords: WPCBs dismantling; metals dissolution; copper recovery; economic assessment; process
modeling and simulation

1. Introduction

According to the literature data, in the period 2016–2030, the quantity of waste electri-
cal and electronic equipment (WEEEs) will increase at world level from 44.7 million tonnes
to 110 million tonnes [1–4]. Thus, increasing the quantity of WEEEs requires the urgent
development of environmentally friendly and low cost recycling technologies [5]. Waste
printed circuit boards (WPCBs) represents an important part of WEEEs (3–5 wt.%) with
more than 30% metals (of which ~30% copper) and 70% non-metals [6–8]. For this reason,
the recycling of WPCBs can constitute a potential secondary source of raw materials for
different industrial sectors [9], contributing to preservation of natural resources [10–12].
With this regard, a lot of research has been done that has established different techniques
for WPCBs recycling based on physico-mechanical [13,14], pyrometallurgical [15], py-
rolytic [11,16,17], and hydrometallurgical approaches [18,19]. One of the major issues that
needs to be solved regarding the recycling of WPCBs is related to its dismantling into differ-
ent material fractions that can be further processed into value added products [20,21]. Some
studies so far conducted to WPCBs dismantling involve the thermal processing of WPCBs,
but this operation is not eco-friendly because it occurs with the release of toxic gases [22],
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high energy consumption, and the burning of components that could be reused [23,24].
On the other hand, hydrometallurgical recovery techniques of valuable materials from
WPCBs are achieved by grinding followed by acid or basic leaching of base metals from
the obtained powder with the generation of other unusable or toxic residues; at the same
time, they are non-selective processes [25–27]. Typically, the approach does not allow the
full recovery of metallic copper, which is the main base metal of the EC found on the
motherboards. Considering that traditional approaches are highly energy-demanding and
environmentally dangerous [28,29], our research group has been carrying out the develop-
ment of chemical and electrochemical processes for the recovery of metals from WPCBs,
which allow the oxidative dissolution of metals with the simultaneous electrochemical
regeneration of the oxidant, leading to the minimization of several drawbacks [30–33]. It
was found that the metallic parts that hold together the different parts of WPCBs can be
dissolved in the combined chemical–electrochemical processes, leading to the disassembly
of WPCBs into different material fractions, such as plastics, printed circuit boards without
EC, chips and small EC, and sludge [31,33–35]. Considering the success achieved with
particular types of WPCBs [31], in this work, it is our intention to prove the applicability
of this method for the dismantling of other types of WPCBs simultaneously with the
electrochemical regeneration of the leaching agent and the partial electrodeposition of
dissolved copper. In addition, to evaluate the contribution of all stages and equipment
to the technical–environmental performance of the process, besides the ones used in the
experimental studies, the process was extended, modeled, and simulated using ChemCAD
process flow modelling software for a higher productivity.

In order to accomplish the abovementioned aims, the following sections are discussed
after the materials and methods section: (i) Theoretical background for the dissolution of
metals to better understand the processes that occur in the case of WPCBs disassembly; (ii)
experimental dismantling process of WPCBs meant to provide the necessary background for
the scale up of the process; (iii) the scaled-up dismantling process in order to evaluate the
contribution of all steps and equipment to the performance of the overall process and to
provide the necessary data for the environmental assessment; (iv) environmental assessment
of the scaled-up dismantling process to assess the environmental impact of the process in the
early phase of development using the Biwer–Heinzle method.

2. Materials and Methods

The WPCB dismantling experiments were performed using four types of mother-
boards, which differ in terms of technical details (Table 1) and metal content (Table 2) due
to the different periods of production. For each case, before inserting the WPCBs into the
rotating drum of the chemical reactor (CR), large pieces of aluminum and stainless steel
were removed from the surface of the WPCBs, because they can be easier recycled this way.
Additionally, it is not justified, due to the high power consumption, to bring the metals
from these parts into the solution. Next, the WPCBs were cut into 40–100 cm2 pieces to fit
into the rotating drum.

Table 1. WPCBs samples used in the experimental studies.

Motherboard 1 Motherboard 2 Motherboard 3 Motherboard 4

Type: ATI Radeon Xpress 200
(2004–>)

Processor (Socket 478):
Pentium 4

Type: MSI P54C TR4 (1996–>)
Processor (Socket 7): Pentium;

AMD K5; Cyrix 6 × 86

Type: Gigabyte GA-BX2000
(1999–>)

Processor (Slot 1): Pentium II;
Pentium III

Type: Intel Acorp 6VIA/ZX85
(2000–>)

Processor (Socket 370):
Pentium III
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Table 2. Concentration (wt.%) of the most important metals in the WPCBs samples.

Sample Mass, g Cu Au Ag Sn Pb Ni Zn Fe

Motherboard 1 459.14 18.29 0.011 0.018 3.92 2.31 1.11 1.71 2.81
Motherboard 2 488.45 19.6 0.009 0.015 4.1 2.16 1.27 1.92 3.01
Motherboard 3 444.06 22.1 0.013 0.02 3.51 2.59 1.06 1.53 2.57
Motherboard 4 482.68 23.1 0.01 0.016 3.76 2.64 1.19 1.67 2.93

The experimental setup used for the dismantling of the WPCBs samples consisted of
two reactors connected in series, including a 2L CR with perforated rotating drum and
a 3L divided electrochemical reactor (ER) by a ceramic separator. In all experiments, 5L
of 0.3 M FeCl3 in 0.5 M HCl solution was recirculated between the two reactors using
two Medorex TC200 pumps (Medorex, Nörten-Hardenberg, Germany). The solution was
evacuated at the bottom of the CR and supplied at the bottom of the cathode compartment
of the ER. From the top of the cathode compartment, the solution was transported to the
bottom of the anode compartment, and with the help of the second pump, the solution
was pumped from the top of the anode compartment back into the CR. In consequence,
a cross flow of electrolyte between the two reactors is achieved. The rectangular cathode
and anode were made of copper and graphite, respectively, each with an area of 570 cm2.
Two Ag/AgCl/KClsat reference electrodes were used to measure the cathodic and anodic
potentials. The experiments were carried out in the optimal operating conditions identified
for the combined chemical-electrochemical processes in previous studies [31,32,36]: drum
rotation speed (30 rpm), solid/liquid ratio (1/8), constant current density 4 mA/cm2, initial
electrolyte composition 0.3 M FeCl3 in 0.5 M HCl, and a flow rate of 400 mL/min. An
atomic absorption spectrometer was used to determine the metal content and different
material fractions of the solutions, while the surface morphology and chemical composition
of the cathodic deposits were characterized with a scanning electron microscope (SEM,
Thermo Fisher Scientific, Waltham, MA, USA) equipped with an energy dispersive X-ray
spectrometer (SEM/EDAX, FEI QUANTA 3D).

3. Results and Discussions

3.1. Theoretical Background for the Dissolution of Metals

To better understand the processes that occur in the case of WPCB disassembly,
through the dissolution of metals with Fe3+ in the presence of Cl−, the standard apparent
potentials (E’) were calculated for the potentially active reactions (PAR) based on the
standard normal potentials (E0) and the thermodynamic equilibrium constants for the
formation of complexes [37–39]. In order to calculate the E, it is necessary to identify the
chemical species present in the solution, with respect to the equilibriums in which they are
involved. In the case of copper, the species involved in the process were considered on the
basis of the Pourbaix diagram for the copper–chlorine–water system at 25 ◦C at a total Cl−
concentration of 1.5 M [40].

In the case of the other metals, the species involved in the chemical process have been
identified from the literature based on their stability in the reaction environment [37,38,41,42].
The E’ values (Table 3) were obtained (Equation (1)) based on the Nernst equation applied
for redox reactions, which involves the complexation of the oxidized form of the redox
couple [21].

E′ = E0 –
0.059

n
logK fox (1)

where E0 is the standard normal potential, n is the number of electrons changed, and K fox is
the thermodynamic equilibrium constant for the formation of complexes with the oxidized
form of the redox couple.
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Table 3. E’ values for the involved potential active reaction.

Potential Active Reaction
E◦

[V/HNE]
E’

[V/HNE]

Thermodynamic Equilibrium
Constants

logKfox

AuCl−4 + 3 e− → Au + 4Cl− 1.52 1.02 25.42
AuCl−2 + e− → Au + 2Cl− 1.83 1.25 9.83
AgCl−2 + e− → Ag + 2Cl− 0.79 0.48 5.25

CuCl2aq + 2 e− → Cu + 2Cl− 0.34 0.294 1.56
CuCl−2 + e− → Cu + 2Cl− 0.52 0.21 5.14

PbCl2−
4 + 2 e− → Pb + 4Cl− −0.126 −0.17 1.6

PbCl2−
6 + 4 e− → Pb + 6Cl− 0.762 0.747 1.05

SnCl2−
4 + 2 e− → Sn + 4Cl− −0.137 −0.19 1.79

SnCl2−
6 + 4 e− → Sn + 6Cl− −0.0085 −0.025 1.11

NiCl2−
4 + 2 e− → Ni + 4Cl− −0.26 −0.28 0.7

FeCl−4 + 3 e− → Fe + 4Cl− −0.036 −0.031 −0.09
FeCl2−

4 + 2e− → Fe + 4Cl− −0.44 −0.402 −1.276
ZnCl2−

4 + 2 e− → Zn + 4Cl− −0.76 −0.77 0.2

As was expected, the standard apparent potential decreases when the complexing
agent employs the oxidized form, and the potential shift will be greater as the stability of the
complexes is higher. Therefore, E’ differs the most from E0 in the case of Au, Ag, and Cu(I),
for which the thermodynamic equilibrium constants for the formation of chloro-complexes
are the highest. In the case of the other metals, where the complexation equilibrium is
less shifted to the formation of chloro-complexes, the redox potential varies insignificantly
under the experimental conditions. Additionally, from the E’ values calculated for the
PAR, it can be seen that Fe3+ is an efficient oxidant in the dissolution of metals, with the
exception of gold.

It is also important to note that the dissolution processes lead to chloride complexes of
Cu, Sn, Pb, Fe, in which the metals may have different oxidation forms. As a result, the E’
values (Table 4) for these redox couples, in which both forms are involved in complexation
processes, was calculated by the following equation:

E′ = E0 +
0.059

n
log

K fox

K fred

. (2)

Table 4. E’ values for PAR that involve the complexation of both forms of the redox couple.

Potential Active Reaction
E0

[V/HNE]
E’

[V/HNE]

FeCl−4 + e− → FeCl2−
4 0.77 0.7

CuCl2aq + e− → CuCl−2 0.16 0.37

PbCl2−
6 + 2e− → PbCl2−

4 + 2Cl− 1.65 1.664

SnCl2−
6 + 2 e− → SnCl2−

4 + 2Cl− 0.154 0.14

As can be seen from Table 4, the existence of significant differences between the E’
values of these redox couples implies a state of un-equilibrium in these working conditions.
The evolution of the system towards equilibrium determines the change in the concentra-
tion of the electroactive species, especially in the case of metals that may have different
oxidation forms. The most important redox reactions leading to the installation of redox
equilibrium are those in which Fe3+ oxidizes Cu+ to Cu2+ and Sn2+ to Sn4+. From the strong
positive value of E’ for the couple PbCl2−6 /PbCl2−4 , it is concluded that Pb is more stable in
the reduced form PbCl2−4 .
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Therefore, from the oxidation reaction of Pb by Fe3+, only Pb2+ is formed without its
subsequent oxidation to Pb4+. The above conclusions are in agreement with the values of
redox equilibrium constants (Kr) for the dissolution reactions of the metals from the WPCBs
samples, calculated on the basis of Equation (4) using the E’ values from Tables 3 and 4.

For a redox reaction in the general form:

m ox1 + p red2 � m red1 + p ox2 (3)

The equilibrium constant is defined as follows [32]:

Kr = 10
mp(E ′

1−E ′
2)

0.059 (4)

where mp—number of electrons transferred between the redox couples.
The Kr values increase (the equilibrium will be shifted to the right) with the number

of electrons transferred between the redox couples and greater the difference between the
values of E’ for the two systems. The values of the redox equilibrium constants, calculated
according to Equation (4), are presented in Table 5.

Table 5. The values of redox equilibrium constants calculated for the leaching reactions.

Redox Reaction
Redox Equilibrium

Constant

3 FeCl−4 + Au + 4Cl− � AuCl−4 + 3 FeCl2−
4 5.35 × 10−17

FeCl−4 + Au + 2Cl− � AuCl−2 + FeCl2−
4 4.76 × 10−10

FeCl−4 + Ag + 2Cl− � AgCl−2 + FeCl2−
4 5.35 × 103

FeCl−4 + Cu + 2Cl− � CuCl−2 + FeCl2−
4 2.01 × 108

FeCl−4 + CuCl−2 � CuCl2aq + FeCl2−
4 3.91 × 105

2 FeCl−4 + Cu + 2Cl− � CuCl2aq + 2 FeCl2−
4 5.79 × 1013

2 FeCl−4 + Sn + 4Cl− � SnCl2−
4 + 2 FeCl2−

4 1.47 × 1030

2 FeCl−4 + SnCl2−
4 + 2Cl− � SnCl2−

6 + 2 FeCl2−
4 9.61 × 1018

4 FeCl−4 + Sn + 6Cl− � SnCl2−
6 + 4 FeCl2−

4 1.42 × 1049

2 FeCl−4 + Pb + 4Cl− � PbCl2−
4 + 2 FeCl2−

4 3.1 × 1029

2 FeCl−4 + PbCl2−
4 � PbCl2−

6 + 2 FeCl2−
4 2.09 × 10−33

4 FeCl−4 + Pb + 6Cl− � PbCl2−
6 + 4 FeCl2−

4 6.5 × 10−4

2 FeCl−4 + Ni + 4Cl− � NiCl2−
4 + 2 FeCl2−

4 1.66 × 1033

2 FeCl−4 + Fe + 4Cl− � 3 FeCl2−
4 2.2 × 1037

2 FeCl−4 + Zn + 4Cl− � ZnCl2−
4 + 2 FeCl2−

4 3.1 × 149

From the values of redox equilibrium constants, Table 5, it is observed that, for all
metals except gold, redox reactions are strongly displaced towards their dissolution with
the formation of chloro-complexes. Based on the redox equilibrium constant values from
Table 5, it can be assumed that the dissolution rate of metals will have following order: Zn
> Sn > Fe > Ni > Pb > Cu > Ag. Tin is located after Zn, although from the E’ value from
Table 3, Sn should be between Pb and Cu. This can be explained by the fact that the redox
equilibrium constant depends both on the potential difference between the redox couples
and on the number of electrons transferred. Considering that Sn changes 4e− while the
other metals change only 2e−, the redox equilibrium constant is much higher (1.42 × 1049),
which is assumed to promote its dissolution.

3.2. Experimental Dismantling Process of WPCBs

The results presented in Table 6 prove that the combined chemical–electrochemical
process leads to the complete dismantling of the WPCBs samples, leading to different
material fractions. It can be observed that the obtained fractions can be easily separated
due to the major differences in physical characteristic, such as size and density.
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Table 6. Material fractions resulted from the dismantling process.

Plastics Boards Chips and Small EC Sludge Solution

     

The obtained material fractions still have in their composition undissolved metals,
considering that, in the dismantling process, only the metals, which were accessible to
the leaching solution, from the surface of the WPCBs were dissolved. To determine their
metallic composition, they were grounded to a fine powder and treated with aqua regia to
determine the metallic composition, which is presented in Table 7. It can be noticed that,
for all the samples, the plastic fractions do not contain metals, which means that all the pins
were dissolved. Similarly, the boards contain only copper in a relatively high concentration,
and this material can be further processed for high purity copper recovery. As for the
other two solid fractions, all the metals are present with the remark that they have high Au
and Ag concentration, especially in the case of the obtained sludge. Additionally, Table 7
indicates that almost 70% of the metals present in the initial samples were dissolved during
the dismantling process, and the major component is Cu, which represents, on average,
50% of the dissolved metals.

Table 7. The metallic composition of the different fractions obtained in the dismantling process.

Sample Type of
Fractions

Total Mass of
Fractions

Metallic Composition, %

Cu Au Ag Sn Pb Ni Zn Fe

Motherboard 1

Plastics 147.6 - - - - - - - -
Boards 174.46 17.2 - - - - - - -

Chips and
small EC 29.21 8.3 0.05 0.1 0.75 0.15 0.75 0.15 1.64

Sludge 9.73 3.65 0.37 0.05 28.72 36.7 1.09 0.02 0.4
Dissolved

metals 98.14 52.16 0 0.05 15.27 7.12 4.86 7.95 12.62

Motherboard 2

Plastics 166 - - - - - - - -
Boards 172.2 23 - - - - - - -

Chips and
small EC 35.05 8.4 0.06 0.1 0.55 0.15 0.83 0.13 1.29

Sludge 5.2 3.1 0.44 0.06 29.53 39.1 1.05 0.022 0.51
Dissolved

metals 110 48.20 0 0.03 16.63 7.70 5.33 8.48 12.93

Motherboard 3

Plastics 147.9 - - - - - - - -
Boards 170.2 23.5 - - - - - - -

Chips and
small EC 20.8 8.7 0.03 0.1 0.68 0.13 0.91 0.18 1.51

Sludge 8.1 3.65 0.64 0.05 26.83 34.8 1.02 0.025 0.47
Dissolved

metals 97.06 57.73 0 0.07 13.67 8.92 4.57 6.96 11.40

Motherboard 4

Plastics 145.8 - - - - - - - -
Boards 141.55 20.2 - - - - - - -

Chips and
small EC 57.25 8.1 0.05 0.1 0.61 0.16 0.81 0.15 1.37

Sludge 2.65 3.65 0.74 0.05 27.52 38.1 1.12 0.02 0.44
Dissolved

metals 135.43 57.72 0 0.01 12.60 8.60 3.88 5.89 9.85

This is the main reason why the leaching solution is suitable for high purity copper
production simultaneously with the regeneration of the leaching agent and dismantling
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of the WPCB samples. Considering that the cathodic deposits were obtained at the same
current density and flow rate and a similar solution composition, they showed very similar,
almost identical, morphological properties and elementary composition. According to
the composition analysis, in all the experimental studies, the cathodic deposit contains
more than 99.95 wt.% copper, the only impurity being Sn. The elementary analysis results
presented in Figure 1 confirm that the developed process leads to the recovery of a high
purity copper deposit. It is also important to note that the obtained copper deposits were
compact, which is sustained by the characterization made by SEM.

 

Figure 1. EDAX spectrum of the copper deposit.

In addition, the SEM images from Figure 2 show that the copper deposit presents
rougher surfaces with larger nuclei and pyramidal growth, which is characteristic for
copper deposition from chloride solutions in accordance with the literature data [43].

  
(a) (b) 

Figure 2. SEM images for the copper deposit at magnitude: ×500 (a); ×2500 (b).
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3.3. The Scaled-Up Dismantling Process

The experimental results obtained for the dismantling of the four types of WPCBs
were used to design a conceptual recycling plant at higher scale of production for the
dismantling of 100 kg/h of WPCBs. It was assumed that the WPCBs fed into the recycling
plant have the metallic composition of Table 8, which presents an average composition
calculated based on the data from Table 2.

Table 8. Metallic composition (wt.%) of WPCBs feed into the recycling plant.

Cu Au Ag Sn Pb Ni Zn Fe

20.77 0.011 0.017 3.83 2.42 1.16 1.71 2.84

The dismantling process was modeled and simulated using process flow modeling
software ChemCAD 7.1.5 in order to evaluate the contribution of all steps and equipment
to the performance of the overall process and to provide the necessary data for the environ-
mental assessment. Chemical and phase equilibrium were assumed based on Gibbs free
energy minimization model. Other or complementary input data and assumptions used
for modelling and simulation of the dismantling process are presented in Table 9.

Table 9. Model assumptions and input data [31–33,38].

Unit Parameters

Leaching reactor
Temperature: 25 ◦C
Residence time 24 h

0.3 M FeCl3 in 0.5 M HCl

Electrochemical reactor
re = 90.12%
rc = 72.69%

Wc = 1.59 kWh/kg

Processed WPCBs 100 kg/h

Pump efficiency 90%

Heat exchanger ΔTmin. 10 ◦C

Heat exchanger pressure drop 1–3%

Figure 3 shows that the recycling plant designed for the dismantling of WPCBs with
the simultaneous recovery of copper includes two main subsystems: Phase 1 for the
dissolution of the accessible metallic parts from the surface of WPCBs along with the
separation of the obtained material fractions and Phase 2, where copper is electrodeposited
and the leaching solution is regenerated. In addition, Phase 1 deals with the processing
of the chips, small EC, and boards, considering that these fractions have high copper
content and low concentration in other metals. In the model, these material fractions are
ground to a fine powder in order to enhance the dissolution reaction; then, the obtained
material is contacted in a second chemical reactor with the leaching solution generating
two streams: (i) the electrolyte solution used for copper and leaching agent production and
(ii) polymers and fiberglass that exit the system as byproduct. According to Figure 3, the
solution obtained in the ER is only partially recirculated into the process, due to the fact
that it contains other metals besides copper that need to be extracted, after which it can be
reused in the dissolution step. This is the reason why, in this model, new reagents are feed
into the system, which, in a complete recovery plant, would be significantly, or possibly
entirely, reduced.
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Figure 3. Recycling plant process flow diagram.

The overall mass balance (Table 10) of the scaled-up dismantling process indicates that
the WPCBs were completely dismantled and processed into different materials fractions.
Based on the initial amount of copper feed into the system with the WPCBs and the amount
of obtained copper deposit, it is evident that more 90% of the copper is extracted during the
dismantling process. As was expected, the organic matter, consisting of plastic and epoxy
resin, represents the most important solid fraction obtained in the dismantling process,
followed by fiber glass. It can also be seen that the amount of solution evacuated from the
system is slightly higher than at the inlet due to the presents of the dissolved metals.

Table 10. Overall mass balance of the scaled-up dismantling process.

Input Output

Component kg/h Component kg/h

WPCBs 100 Copper deposit 18.7
Leaching solution 623.4 Sludge 3.7

Plastic 32.4
Epoxy resin 14.5
Fiber glass 15.1

Depleted solution 634
TOTAL 723.4 TOTAL 723.4

In accordance with the mass balance data (Table 10), equipment types, and operating
conditions, the overall energy balance of the scaled-up dismantling process was established
(Table 11). The results indicate that the highest energy consumption is associated with
the electrochemical process followed by the separation of different material fractions
during the dismantling process. Combining the mass and energy balance data, it was
determined that the dismantling of 1 kg of WPCBs requires 0.48 kWh, while the total
specific energy consumption for copper production is 2.59 kWh/kg. It is also important
to note that the overall energy balance data reveals that the process generates 47% more
energy that it consumes. However, the potential usability of the generated energy is
discussible, considering that it is low grad heat generated during the dissolution processes
in comparison to the consumed electrical power. However, if the energy would be valorized
for heating purposes, then the process would be useful for energy production in parallel
with the dismantling of WPCBs and recovery of copper.
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Table 11. Overall energy balance of the scaled-up dismantling process.

Process Equipment Energy, (MJ/h)

Type ID Added Extracted

Crusher 3, 9 0.212 -
Reactor 1 2.08 211.545
Reactor 11 1.07 45.407

Separators 6, 8, 12 25.617 -
Electrochemical

Reactor 15 144.17 -

Pumps 5, 10, 13, 18, 19 1.398 -

TOTAL: 174.5470 256.952

3.4. Environmental Assessment of the Scaled-Up Dismantling Process

Considering that the process presented in the current study is in the early phase of
development, the Biwer–Heinzle method was applied for its environmental impact assess-
ment. According to the methodology described in the literature [30,44] the environmental
factors were determined for six impact groups in the case of the input materials (Figure 4)
and 11 impact groups in the case of the output materials (Figure 5) by allocating each of
the materials streams to a class of toxicity (A = 1—highly toxic substances, B = 0.3—less
toxic substances, C = 0—nontoxic substances). The general effect indices (GEIs) were also
calculated by dividing the sum of environmental indices to the total mass indices obtained
from the mass balance data (Table 9) of the dismantling process.

Figure 4. Environmental impact assessment for input streams.

It was found that the category “critical materials used” has the highest value due to
the large amount of FeCl3 feed into the process. Additionally, FeCl3 is the main reason for
the high chronic and acute toxicity of the input material stream. Among the other input
streams, HCl and copper have the most important contributions to the results shown in
Figure 4. The reason that copper surpasses other toxic components in the WPCBs, such
as lead, is due to the fact that, even if it is less toxic than other components, it has the
highest concentration. Similarly, for the output materials, chronic and acute toxicity remain
important categories, but they are preceded by the “acidification potential” due to the
depleted solution. Nevertheless, the GEIs values calculated for the input materials (0.064)
is lower than for the output materials (0.039) indicating that the process diminishes the
environmental impact of the WPCBs. Moreover, considering that both values are close to
the minimum possible (0), it can be concluded that the dismantling process has an overall
low environmental impact.
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Figure 5. Environmental impact assessment for output streams.

4. Conclusions

The obtained results prove that the combined chemical–electrochemical process can be
applied efficiently for the dismantling of different types of WPCBs with the parallel recovery
of copper and regeneration of the leaching agent. As it was expected, in accordance with
the redox equilibrium constants, all the metals, with the exception of gold, were dissolved
during the leaching process. The experimental results demonstrate that the high purity
(>99.95%) copper deposit can be produced with high current efficiency (72.69%) and
low specific energy consumption (1.59 kWh/kg Cu). It is also important to note that
the obtained copper deposits were compact and presented rough surfaces with larger
nuclei and pyramidal growth, which is characteristic for copper deposition from chloride
solutions. Modeling and simulating the conceptual recycling plant led to the conclusion
that more than 90% of the copper can be extracted during the dismantling process by
introducing a complementary step for the mechanical pretreatment of the boards, EC, and
chips. It was also found that the dismantling of 1 kg of WPCBs requires 0.48 kWh, while
the total specific energy consumption for copper production is 2.59 kWh/kg if the energy
consumption of all process steps is considered. The overall energy balance revealed the
possibility to use the process for a combined recycling–heating purpose, considering that it
generates 47% more heat than the electrical power consumed. Based on the results of the
environmental impact assessment, it can be concluded that the dismantling process can be
performed not just with high technical performance but with low environmental impact
as well. Still, further work is recommended to improve the technical performances and to
assess the economic potential of the developed conceptual recycling plant.
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Abstract: The production of electronic waste due to technological development, economic growth
and increasing population has been rising fast, pushing for solutions before the environmental
pressure achieves unprecedented levels. Recently, it was observed that many extractive metallurgy
alternatives had been considered to recover value from this type of waste. Regarding pyrometallurgy,
little is known about the low-temperature processing applied before fragmentation and subsequent
component separation. Therefore, the present manuscript studies such alternative based on scanning
electron microscopy characterization. The sample used in the study was supplied by a local recycling
center in Rio de Janeiro, Brazil. The mass loss was constant at around 30% for temperatures higher
than 300 ◦C. Based on this fact, the waste material was then submitted to low-temperature processing
at 350 ◦C followed by attrition disassembling, size classification, and magnetic concentration steps.
In the end, this first report of the project shows that 15% of the sample was recovered with metallic
components with high economic value, such as Cu, Ni, and Au, indicating that such methods could
be an interesting alternative to be explored in the future for the development of alternative electronic
waste extraction routes.

Keywords: low-temperature processing; WEEE (waste of electric and electronic equipment) recycling;
materials separation; process characterization; SEM/EDS

1. Introduction and Literature Review

The production of urban waste is becoming a subject of environmental pressure
in modern society with impacts of sanitary, social, and financial importance [1–3]. The
observed economic growth and population increase of recent decades have pushed for
the manufacturing of more products and devices, intensifying issues associated with
environmental pollution and depletion of natural resources, and are now driving initiatives
related to the treatment of this class of wastes [4–7] In this context, the waste of electric and
electronic equipment (WEEE) is considered a critical byproduct of urban lifestyles [8–10].
WEEE is an unconventional waste, typically with high metal content that is challenging to
recycle based on traditional metallurgical processes [9].

WEEE has a wide variety of different components and devices, the most common
being copper wire, batteries, structural components, LCD screens and printed circuit boards
(PCBs). The mass percentage of the components (e.g., metal, polymers, and ceramics) varies
a lot with the type of equipment and brand [11,12]. From a resource perspective, this type
of waste has higher concentrations of metals than those found in the typical run-of-mines
(ROM) [13], making WEEE recycling a possible secondary source of metals [14,15]. From
an economical perspective, it was estimated that in 2017, WEEE accumulated a worldwide
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value of EUR 55 billion in raw material [16,17]. Thus, it is necessary to develop technological
routes and managements policies to consolidate the recycling of WEEE to recover valuable
materials [18]. High levels of metal recovery from WEEE have been reported and the costs
associated with it are becoming more competitive but are still higher than those associated
with mining operations [5,19]. In terms of economic potential in Brazil, a previous work
from our research group estimated, based on a population survey and mass balance, that
the stockpile value of devices in hibernation could be as high as USD 797 million [20].

In parallel to this context, PCBs are present in every electronic device, representing
about 3 to 7% of the equipment’s mass [21–24]. Computer-based PCBs are composed,
essentially, of an epoxy resin or fiberglass coated with a thin layer of copper and are
classified according to the composition of the insulator used. Fire-resistant material made
of fiberglass and epoxy is the most used today [25]. In addition to Cu, PCBs contain a wide
variety of metals, for example, Au, Pd, Ag and Ni [26]. However, hazardous metals such as
Cd, Pb and Be may also be present [27]. Therefore, many kinds of research have been carried
out to the recover precious metals and to the remove harmful elements/compounds [28–31].
In addition to that, there are also some environmental sustainability issues associated with
the already-established routes which need to be faced in the coming years [32].

The combination of chemical and physical methods is a commonly used route in
WEEE recycling. However, due to cost associated with chemical inputs and easy oper-
ation, most of the PCBs are processed using incineration and acid leaching, producing
a substantial amount of hazardous emissions [33–35]. Moreover, poor WEEE disposal
and processing could be related to the production of a variety of dangerous compounds,
such as dioxins, that could be responsible for serious health issues [16,36,37]. Addition-
ally, there are also concerns associated with persistent pollutants from the polymeric
contents of the WEEE [10], such as polycyclic aromatic hydrocarbons [38], polychlori-
nated biphenyls [39,40], polychlorinated dibenzo-p-dioxins and dibenzofurans [40,41], and
brominated and organophosphate compounds [39,42]. In this perspective, low-temperature
processing-related processes could be regarded as appealing options to deal with these
risks [23,32,43].

Typically, regarding thermal processing, most WEEE recycling proposals start with
physical beneficiation, essentially disassembling and grinding the PCBs samples [23,44].
This mimics a typical extractive metallurgy approach, with the same energy-intensive
requirements to reduce the particle size. Another disadvantage of this type of physical
processing is the fact that it is not possible to obtain a pure material in its present form,
and the consequent production of fine comminution powder [45]. These two conditions
present a challenge to the cost. According to Quan et al. (2010) [27], excessive fragmen-
tation limits the recovery of fiberglass and can significantly increase metal losses while
imposing a high energy consumption for the operation of the fragmentation equipment
due to the high hardness of the PCBs. Nevertheless, the high-temperature processing
routes generate products that can be recovered and reused [23,27,46,47]. The review by
Ambaye et al. (2020) [48] showed that WEEE recycling by means of pyrometallurgy is an
energy-intensive alternative, majorly focused on copper recovery. Moreover, it seems
that little is known on the effect of pyrometallurgical processes being applied before the
initial physical processing, particularly regarding the investigation of low-temperature
processing effects on PCB constituent separation. For instance, Ma et al. (2018) [49] as-
sessed this type of processing from a heat transfer perspective while Guo et al. (2014) [50]
dealt with calorific capacities of a PCB sample. In praxis, the typical pyrometallurgical
processes are furnace smelting and alkali fusion, according to Chauhan et al. (2018) [35]
and Ding et al. (2019) [51]. Additionally, thermal processing of WEEE is regarded as a
promising alternative for recycling the non-metallic fractions [52].

Therefore, the present work has the motivation of providing a first look into such
alternatives, to offer conditions for easy-to-implement physical disassembling without
major particle size reduction. The technical support of such proposition is related to
previous observations in which the thermal processing was investigated to produce a
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solid, free of the volatile organic fraction, to hydrometallurgical leaching without excessive
fragmentation [53]. The possibility of a processing alternative without the prior comminu-
tion, bypassing the initial physical beneficiation step, was also reported for PCBs with the
chemical characterization of the oil-based resin [27].

The present study has the interest of exploring some of the material’s behavior in a
pyrometallurgical process through electron microscopy characterization of the resulting
materials, as it seems that the most relevant effort in material characterization has been
reported for hydrometallurgical or for pure mineral processing approaches [54–56].

The technological context of this proposition is associated with the present Brazilian
context, in which some important initiatives towards WEEE collection, disassembling
and parts recycling can be observed but with little advance in material recovery through
chemical processing [57–60]. According to Nithya et al. [61] Brazil is among the top five 2019
WEEE producers after China, USA, India and Japan, producing more than 2 million tons
per year [62]. Moreover, it is also recognized as a trans-boundary destination of electronic
wastes with lack of proper infrastructure related to waste management [63]. Dias et al. [64]
present an alarming scenario in which the Brazilian recycling system operates towards
valuable constituent concentration and undertakes shipping abroad to further processing
of materials.

Under this perspective, the present manuscript’s purpose is related to the investigation
of the PCBs material’s behavior in a low temperature pyrometallurgical processing opera-
tion, prior to physical fragmentation based on scanning electron microscopy (SEM/EDS)
characterization. The study also covers a thermogravimetric analysis (TGA) to identify
the lower temperature in which the process could be carried out to provide material
disassembling without major fragmentation.

2. Materials and Methods

Samples of connectors from hard-disk drives (HD) and random-access memories
(RAM) were received from a local recycling center in Rio de Janeiro, Brazil, that operates
with the collection, disassembly, and parts separation for reuse. The samples were collected
from the supplier stockpile of non-recyclable parts and locally processed to concentrate
valuable metallic content.

After receiving the sample, a visual classification was carried out and three patterns
of connectors that were categorized as Type 1, Type 2 and Type 3 varieties. In terms of the
visual distinctions of each variety, it was observed that Type 1 and 2 were presented with
a more distinguished goldish yellow with differences in the morphology of the metallic
parts. On the other hand, Type 3 presents a pale gold color with similarities in contact
shape with Type 2. Figure 1 shows the macroscopic features of the received material. The
WEEE samples, as well as all the solid materials produced in this study, were characterized
using scanning electron microscopy coupled with energy-dispersive X-ray spectroscopy
(SEM/EDS), using a Hitachi TM3000 microscope (Hitachi, Tokyo, Japan) connected with an
Oxford Swift ED3000 microanalysis system. The detection mode for SEM is Backscattered
Electrons. The thermogravimetric analysis (TGA) was carried out on NETZSCH STA 449
F3 Jupiter equipment (NETZSCH, Selb, Germany) using a 10 K·min−1 heating from room
temperature until 1000 ◦C. The WEEE samples had their thermal behavior evaluated under
a chemically inactive as well as oxidizing atmosphere. The former was conducted with
high-purity nitrogen (99.98%) while the latter was taken into effect with a synthetic air
mixture composed of 80% N2 and 20% O2. Both gas mixtures were manufactured by Linde
company (Dublin, Ireland). The applied flowrate entering the reaction chamber was fixed
at 20 L·min−1.
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Figure 1. Macroscopic features of the received WEEE sample: (a) RAM; (b) HD; (c) Varieties of
contacts from RAM and HD as received.

After the WEEE microscopical and thermal characterizations, samples were submitted
to the chemical process of low-temperature processing, physical disassembling with glass
bodies, size classification and magnetic separation. Figure 2 presents a schematic repre-
sentation of the proposed route to process WEEE samples and recover valuable metals.
The sequence of unit operation was defined to avoid major shredding and fine powder
formation, as the pyrometallurgical process could provide the volatilization of chemicals
responsible for the structural integrity of the PCBs.

Figure 2. The proposed chemical processing route for the received WEEE samples.

Samples of WEEE were submitted to isothermal pyrometallurgical processing in a
tubular furnace. The experiments were conducted in compressed air (incineration) and
ultrapure argon (99.998%) atmosphere (inert processing). The latter was also supplied by
Linde. It was defined that the WEEE samples would be accommodated at room temperature
inside the furnace and then heated until the desired temperature was reached. The reaction
time for processing was fixed at 60 min for the defined process temperature. After thermal
degradation, the solid products were cooled down until 80 ◦C and then removed from
the furnace.

The disassembling operations were conducted with a hand-operated mill using glass
pebbles as friction bodies. This option was taken on purpose as it would exemplify how
easily the physical detachment of constituents occurs after high-temperature processing
without deleterious effects on components liberation. The produced particulate system was
then collected and classified by size, using sieves with openings of 4.75, 2.80, 1.4, 0.71, 0.50,
0.21 and 0.18 mm. Finally, the small-sized fraction was exposed to a magnetic field from a
hand-magnet, again because of the simplicity of the operation. The recovered materials
were then characterized by SEM/EDS to assess the performance of the proposed route as
an alternative to separating some of the constituents.
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3. Results and Discussion

3.1. Characterization of WEEE Samples

Samples of the three varieties of WEEE were submitted to SEM/EDS to identify the
chemical distribution in the PCB through a semiquantitative approach. The detection mode
for this study is related to Backscattered Electrons. In this context, Figure 3 presents such
results for a sample of the Type 1 variety. It can be observed that as expected the metallic
area of the PCB features a bright shade of grey, associated with a higher average atomic
number, while the dark area is associated with the polymeric material. Some clouds of dark
structures could also be observed over the bright area, possibly associated with oxidation of
the metallic parts, possibly associated with nickel and copper. It is noteworthy to mention
that the image and the respective EDS results are mainly associated with the surface area
of the sample. In the dark area, a major presence of carbon, oxygen, and bromine can
be observed, while in the bright area, gold stands as the major constituent, at least at the
sample surface. These are interesting and expected findings as brominated compounds are
used in this context as flame retardants, while gold layers on the surface of the metallic
contacts are responsible for increasing efficient current transmission.

Figure 3. SEM/EDS characterization of Type 1 WEEE sample: (a) microanalysis of the dark area;
(b) microanalysis of the bright area.

However, the amounts of other valuable metals, such as copper (in the inner contact)
and aluminum (in the fiberglass) could only be qualitatively assessed by utilizing a chemical
mapping that analyses the composition distribution deeper in the sample. Such analysis is
presented in Figure 4.

Figure 4. Chemical mapping of the most relevant elements detected in the microanalysis of the dark
and bright areas of the Type 1 WEEE sample.
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Figure 5 presents the SEM/EDS analysis while Figure 6 shows the qualitative chemical
mapping of the Type 2 variety of WEEE in the received sample. It can be observed that Type
2 follows Type 1 in terms of the overall chemical composition of the bright (metallic) and
darker (polymeric) areas, with a cleaner surface regarding the presence of clouds potentially
associated with metal oxidation. Comparing the two varieties, at a semiquantitative level,
the composition in both areas in each sample is relatable.

 
Figure 5. SEM/EDS characterization of Type 2 WEEE sample: (a) microanalysis of the dark area;
(b) microanalysis of the bright area.

Figure 6. Chemical mapping of the most relevant elements detected in the microanalysis of the dark
and bright areas of the Type 2 WEEE sample.

On the other hand, the Type 3 variety, with a paler metallic hue, does not follow the
other two in terms of composition and surface integrity, as shown in Figure 7. It was
verified that the samples of this variety present a similar overall composition for the dark
(polymeric) area as the one observed in the previous cases, but with a larger number of
elements in the lower range of relevance. For the bright (metallic) area, the distinction
is clear, with nickel as the major metallic constituent and with gold still present at an
important level. The dark clouds were most present in this variety, which could be related
to lower levels of Au in the surface.
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Figure 7. SEM/EDS characterization of Type 3 WEEE sample: (a) microanalysis of the dark area;
(b) microanalysis of the bright area.

Following the same approach, Figure 8 displays the chemical mapping of the Type 3
variety. The major qualitative difference between this variety and the others is related to
the lower presence of gold and the higher distribution of oxygen, which corroborates the
behavior associated with the more distinguished dark clouds observed in Figure 7.

 
Figure 8. Chemical mapping of the most relevant elements detected in the microanalysis of the dark
and bright areas of the Type 3 WEEE sample.

In parallel to the SEM/EDS characterization, samples of each of one of the three
varieties of WEEE were also submitted to non-isothermal TGA in oxidizing and chemical
inert conditions, as presented in Figure 9. In praxis, the same thermal behavior as a function
of temperature regardless of PCB type and reaction atmosphere was verified. The total
weight variation indicates a mass loss of 30%. Regarding the chemical environment, at
N2 atmosphere, carbon and hydrogen were volatilized as organic compounds, possibly
carrying flame-retardant components, whereas in the oxidative experiment these elements
were possibly being transported to the gas phase as oxidized compounds such as water,
monoxide, and carbon dioxide [65]. The observed degradation temperature is in accordance
with the presence of thermoplastic materials in the sample, at about 250 ◦C [27].
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Figure 9. Thermal behavior characterization of WEEE sample: (a) in an inert atmosphere; (b) in an
oxidizing atmosphere.

Both materials’ characterization results indicate similarities between the three varieties,
particularly regarding the polymeric fraction, and therefore to establish the chemical
process more simply, the thermal processing of the received sample was considered without
the variety distinction, to remove at least a fraction of the organic phase and to liberate
constituents. Consequently, the thermochemical processing of the WEEE samples was
carried-out for the material in the same condition as it was received from the local recycling
center, without any classification, in a tubular furnace above 300 ◦C.

3.2. Thermal Processing of WEEE Samples

Table 1 shows the experimental results associated with the pyrometallurgical process-
ing of 2.5 g of PCB connector at 300 and 400 ◦C, using compressed air (incineration) and
argon (inert processing). As expected, the weight loss was again around 30%. However,
at the inert gas atmosphere, the formation of some droplets of a black liquid at the far
end of the tubular furnace were observed. This was interesting, and an indicative of the
volatilization and condensation of the organic fraction, as reported previously by other
authors [27,53].
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Table 1. Observed WEEE samples’ mass loss after thermal processing in a tubular furnace as a function of the temperature
and the atmospheric chemical composition.

Temperature above Sample in the Furnace
(◦C)

Mass Loss in a Compressed-Air
Atmosphere

(wt.%)

Mass Loss in an Ultrapure Argon
Atmosphere

(wt.%)

300 31.5 28.5
400 32.0 30.1

To produce more liquid and to generate more solid material, another thermal degrada-
tion experiment at 350 ◦C was carried out in argon using 54.5 g of the WEEE sample. The
reaction time of 60 min was also applied to this test. A weight loss of 30.1% was observed,
resulting in a solid weight of 38.1 g. In this context, Figure 10 presents the macroscopic
aspect variation before and after thermal degradation. It is noteworthy that some substance
has been removed from PCBs, exposing the metallic compounds, some copper sheets as
well as the inner glass fibers, now covered with some dark material, possibly carbon black.

Figure 10. Macroscopic aspects of the WEEE samples: (a) before thermal processing; (b) after
thermal processing.

The disassembling and sizing unit operation was applied to the solid product, and,
in this context, Table 2 presents the size classification of the obtained material after
these operations.

Table 2. Size classification of the thermal processing solid product after grinding operation using
glass pebbles as friction agents for materials disassembling.

Sieve Opening
(mm)

Retained Mass
(g)

Retained Mass
(wt.%)

4.75 30.67 80.71
2.80 0.77 2.03
1.40 0.67 1.76
0.71 4.20 11.05
0.50 0.75 1.97
0.21 0.41 1.08
0.18 0.29 0.76

Bottom 0.24 0.63
Total 38.00 100.00

It can be observed that most of the size classification is associated with large particulate
material. A total of 80.71% is associated with glass fibers (17.4 g), copper sheets (1.3 g)
and non-liberated material (12.0 g). The fact that 31.58% of the sample is associated with
non-liberated material indicates that the disassembling unit operation could be the subject
of future developments, to optimize larger recovery of metals. Moreover, the non-liberated
material could also be submitted to hydrometallurgical processes as most of the organic
phase has been removed from it, in a roast–leach type of route. Material below 2.80 mm
was submitted to magnetic separation. It was observed that 4.7 g was susceptible to the
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effects of the magnetic field and recovered easily. Therefore, it can be said that 12.4% of the
solid product is composed of magnetic-metal-containing materials. Figure 11 illustrates
the macroscopic aspect of the most relevant materials recovered.

Figure 11. Macroscopic aspects of some relevant materials recovered in the process: (a) fiberglass;
(b) copper sheets; (c) magnetic contacts; (d) condensed liquid.

3.3. Characterization of the Thermal Processing Products

The recovered glass fiber was characterized utilizing SEM/EDS and its results are
presented in Figure 12. It is possible to note that Si and Ca are the major metals in the
fiberglass while oxygen is the major overall component. The preeminent levels of C also
followed the carbon-black-deposition expectations. Some minor contents of Al, Ti and Cu
were also detected. Some minor, bright, particulate material within the knitting pattern can
be observed. Since such elements are heavier than C, and combined with the Backscattered
Electrons detection mode, it is possible to affirm that some metallic powder is also being
transported with the fiberglass.

Figure 12. SEM/EDS characterization of the fiberglass recovered after the size separation.

Figure 13 is associated with the copper sheets recovered in this study, presenting the
SEM/EDS analysis as well as the chemical mapping for the same area. The morphological
aspect of the image indicates some deposition of organic matter (dark scales) over the
copper sheet (bright area). This is indicative that some fraction of the polymeric material is
not being transferred to the gas phase in the thermal degradation. The qualitative chemical
mapping clarifies that suggestion, as copper is the major component of this material while
the scales have carbon and bromine in their composition. This context indicates that
temperature and reaction time could also be optimized to separate copper from non-metals
and flame-retardant elements.
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Figure 13. SEM/EDS characterization of the copper sheets recovered after the size separation:
(a) Backscattered Electrons Image with microanalysis; (b) chemical mapping.

Figure 14 presents the SEM/EDS analysis of the recovered magnetic connector. It was
verified, through the EDS microanalysis, that the Cu, Ni and Au are being recovered in
this material (Figure 14a). Without size reduction to powder, some non-magnetic metals
remain linked to nickel providing its concentration being subjected to a magnetic field.
These elements are the main constituents of the bright area of the connector that covers the
inner layer of copper (Figure 14b). The presence of carbon is also perceptible, both in the
EDS microanalysis as well as through the dark matter over the metallic phase.

 
Figure 14. SEM/EDS characterization of the metallic contacts recovered after the size separation and
magnetic separation: (a) microanalysis of the surface layer; (b) microanalysis of the inner contact.

4. Final Remarks

In short, the proposed route was established as an alternative for processing PCB
samples and to valorize them, concentrating metals, separating these from some pf the
ceramic content and organic substances. The process produced a black liquid which
condensates from the gas phase, therefore diminishing atmospheric emissions and possibly
providing a source of materials in some technological applications.

The SEM/EDS analyses showed that the support for the alloy connectors was com-
posed of carbon and oxygen, which indicates, as expected, a typical polymeric material.
The presence of bromine, related to flame-retardant additives, was also observed, as were
small fractions of metals. The chemical composition for this part of the PCBs samples does
not change between varieties. Analyses also showed that the metal connectors have some
compositional distinctions between the three types. It was observed that all three samples
contain gold and nickel in the surface. The main difference is the relative amounts, with
Au as the main metallic constituent for Types 1 and 2 while it is Ni for Type 3. The chemical
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mapping indicated a clear presence of copper in the inner layers of the connectors. The
distribution of chemical elements is also clear following the SEM/EDS approach.

The TGA analyses showed a mass loss of 30%. The observed degradation tempera-
ture of about 250 ◦C is related to the presence of thermoplastic materials. This behavior
indicates that all three samples could be processed simultaneously to volatilize the organic
fraction. The tubular reactor processing also showed a mass loss of around 30% in weight.
The formation of black liquid under inert processing condition was also observed. The
characterization of the produced fluid will be assessed in future developments.

It is interesting to observe that combing all metallic contacts in a single fraction in the
magnetic separation step is a significant contribution and a simple alternative for metals
separation. It should be noted that these characterization and processing experiments
could contribute to future recycling route development, lowering environmental impacts
associated with this type of WEEE.
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Abstract: The quantity of biodegradable plastics is increasing steadily and taking a larger share in the
residual waste stream. As the calorific value of biodegradable plastic is almost two-fold lower than
that of conventional ones, its increasing quantity decreases the overall calorific value of municipal
solid waste and refuse-derived fuel which is used as feedstock for cement and incineration plants.
For that reason, in this work, the torrefaction of biodegradable waste, polylactic acid (PLA), and
paper was performed for carbonized solid fuel (CSF) production. In this work, we determined
the process yields, fuel properties, process kinetics, theoretical energy, and mass balance. We
show that the calorific value of PLA cannot be improved by torrefaction, and that the process
cannot be self-sufficient, while the calorific value of paper can be improved up to 10% by the same
process. Moreover, the thermogravimetric analysis revealed that PLA decomposes in one stage at
~290–400 ◦C with a maximum peak at 367 ◦C, following a 0.42 reaction order with the activation
energy of 160.05 kJ·(mol·K)−1.

Keywords: torrefaction; solid fuel; waste to carbon; circular economy; biodegradable materials;
calorific value

1. Introduction

1.1. Background of Current Situation

The negative impact of plastic waste accumulated in the environment (in oceans, soils,
and air), including the form of microplastics, is undeniable. Most of the commonly used
polymers are based on fossil resources and resistant to biodegradation, which means that
once released to the environment, they will persist for a long time. Currently, there is a risk
of the release of chemicals from all plastic that is unproperly landfilled into the soil and
groundwater. Plastic waste that has leaked into oceans is a cause of death of marine life
and is a source of microplastic that pollutes the air we breathe and water we drink [1–4].

Geyer et al. [5] estimated in 2017 that, since the 1950s, over 8300 Mt of plastics were
ever produced globally, out of which 56% (ca. 4700 Mt) of the ever-produced plastics
were landfilled or ended up in the environment [5]. In 2019 alone, 368 Mt of plastic were
produced [6], and it is estimated that that annual production will increase by four times
in 2050 [7]. To date, to cover plastic production, around 4% of the total extracted fossil
fuels (e.g., natural gas, oil, and coal), are needed annually, and by 2050 this number could
increase to 20% [8]. Currently, the largest plastic producers are China (31%), North America
(19%), and the European Union (EU) (16%) [6]. According to “Global Plastic Flow 2018” that
was prepared by Conversio Market & Strategy GmbH [9], the global plastic consumption
was 385 Mt which consisted of 172 Mt of packaging waste and 213 Mt of non-packaging
waste. At the same time, 250 Mt of plastic waste was generated, of which only 175 Mt was
collected, and hence 75 Mt was improperly disposed or released to the environment. Only
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~28.5% of the collected plastic waste was recycled; a similar amount was incinerated, and
43% was landfilled [9].

A large share of plastic materials (almost 40% in the EU) is used for packaging, which
has the shortest life cycle. Other sectors that consume large amounts of plastic are building
and construction (~20%) and automotive (~10%) [6]. These shares are most probably
similar for the rest of the world. According to the Ellen Macarthur Foundation [10], only
14% of produced packaging plastic globally was collected for recycling purposes, wherein
4% was lost during recycling processes, 8% was recycled in cascaded recycling (waste
plastic was converted into other, lower-value products), and only 2% of produced plastic
had a closed-recycling loop (wasted plastic was converted into the same or similar quality
products) [10].

At the first glance, the presented data show that the most abundant type of plastic
waste (packaging) is hard to recycle, or its recycling is not economical yet. The reasons for
this are the low quality of the recycled plastics in comparison to the virgin material, cost-
intensive recycling processes, and lack of proper infrastructure [1]. Some plastic materials,
such as high-density polyethylene (HD-PE), or polyethylene terephthalate (PET) can be
recycled economically, due to their high market value, whereas low-density polyethylene
(LD-PE), and other foil materials are used for refuse-derived fuel (RDF) production [1,11]

1.2. The Problem of Bioplastic Solution

With increasing awareness of citizens about ecology and sustainability, an increasing
number of producers replace conventional packing plastic with biobased and biodegrad-
able plastics. In 2020, around 47% of all produced bioplastic was used in the packaging
sector. According to the European Bioplastics organization, bioplastic (biodegradable and
non-biodegradable) represents about 1% of all produced plastic. The organization also
estimates that, due to the rising demand, the bioplastic market will increase by ~40% up to
2025 [11,12].

Bio-based plastics are a potential solution for problems related to fossil-based plastic.
In theory, bioplastics open new end-of-life scenarios, such as composting or anaerobic diges-
tion, and lead to a reduction in conventional plastics pollution. In practice, however, there
are problems with proper management [11]. Different biodegradable plastics need different
environmental conditions to be biodegraded, e.g., biodegradable PLA-based biowaste
bags need relatively high temperatures for overcoming the glass transition temperature
(~70 ◦C) and initiating biodegradability. Such temperatures can be achieved in industrial
composting plants, but not in home composters. In practice, biodegradable plastic is not
usually decomposed during anaerobic digestion [13]. As a result, some countries, and
some municipalities in the EU, allow the use of biodegradable bags for kitchen waste
collection, while others do not [13]. At the same time, the bioplastic products also increase
their share in the municipal solid waste (MSW) stream as, to date, no strategies exist for
the collection and processing of bioplastic wastes. The reason for this is that these plastics
are still a minority in the waste stream, are difficult to detect, and require sophisticated
methods for proper separation [14]. Therefore, most of the bioplastic waste goes to residual
fraction of municipal solid waste or is collected with conventional plastic. In both cases,
biodegradable plastics are used for RDF production or are landfilled, if the local regulations
allow it. As a result, biodegradable plastics do not lead to a decrease in plastic pollutions
and additionally decrease the calorific value of RDF made from waste. The calorific value
of the most abundant plastic (PE-LD) used for RDF production is ca. 40 MJ·kg−1 [15], while
the most common biodegradable plastic used to replace it, is PLA with ~19 MJ·kg−1. A
simple simulation in Figure A1 shows that when biodegradable plastic share increases, the
high heating value of RDF decreases from 28 to 18 MJ·kg−1.

1.3. The RDF Quality Importance

Refused-derived fuel (RDF), also known as solid recovered fuel (SRF), is mainly made
from MSW. The RDF can also be made from other waste such as used tires, sewage sludges,
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textiles, wood, and others. The main properties of RDF decisive of its quality are calorific
value and ash content. The higher the calorific value and lower ash content, the better
quality of RDF. The calorific value of RDF depends on the share of RDF components and
can differ from 11 MJ·kg−1 [16] to 36 MJ·kg−1 [17]. From a calorific point of view, the most
valuable materials are plastics such as PP and PE ~46 MJ·kg−1, PS ~41 MJ·kg−1, and PET
~26 MJ·kg−1 [18], whereas organic waste, paper, and fabrics lead to a decrease in RDF
energetic potential [19]; however, this increases the renewable energy availability. Organic
waste such as kitchen and food wastes are also the main source of moisture that further
decreases the energetic potential of RDF [19]. Similarly, the ash content of RDF depends on
materials share, and the ash amount in plastic wastes is much lower than in other waste.

The high-quality RDF is needed for specialized incineration plants and for cement
plants where RDF replaces coal and provides cleaner and partly renewable energy. In
particular, cement plants need high calorific value RDF to keep the cement production
process stable and safe for the environment. During waste incineration (also applies to
RDF), there is a need to keep the temperature of exhaust gases above 850 ◦C for at least 2 s
to eliminate the formation of harmful compounds. In the case of a cement plant, the waste
needs to generate higher temperatures for clinker burning, and when the RDF calorific
value is not high enough, the required temperature will not be obtained [20].

The RDF is usually produced in the mechanical-biological treatment plant (MBT),
where MSW are valorized by various mechanical and biological methods. Mechanical
methods include material separation, screening, and grinding [21]. These methods are
applied to increase calorific value, increase homogeneity, and decrease ash and other
pollutants (Hg, Cl) content. On the other hand, a biological method such as bio-drying
is used to remove water from MSW. If RDF, produced in the MBT plant, does not meet
the required quality, it can be upgraded in the future by mixing other more energetic
industrial materials, by the densification process (pelletization), or by thermal processing
such as torrefaction or carbonization in low temperatures [21,22]. Thermal processing in
conventional pyrolysis temperatures is not applicable, as most plastics are concerting into
oil and gas instead of solid carbonized fuel; as result, the calorific value of solid carbonized
fuel starts to decrease [23]. Furthermore, mixing, densification, and thermal processing
can be combined to maximize the quality of RDF. Here, it is important to note that each of
the mentioned processes requires energy, and the legitimacy of the use of these methods
depends on a specific situation.

While conventional plastics PP, PE, and PET are usually subjected to mechanical
recycling after separate collection, biodegradable plastics recycling has not been developed
yet. Therefore, the decreasing share of conventional plastics and increasing share of
bioplastics in RDF induces a need for research on the torrefaction of these biodegradable
materials, as a perspective for CSF production from MSW in the future.

1.4. Study Aim

In this work, PLA wastes, PLA-made cups, and paper-made cups with the addition
of PLA were subjected to thermal processing-torrefaction. The main aim was to check the
legitimacy of low-temperature processing of PLA wastes for fuel parameters improvement.
PLA wastes were processed at 200–300 ◦C to check the possibilities of thermal upgrading.
As torrefaction and low-temperature pyrolysis of mixed waste turned out to increase the
calorific value of RDF [23], we assumed that similar results will be obtained for PLA wastes.
As result, a decreasing calorific value of MSW and RDF with an increasing biodegradable
plastic share will be overcome. For this reason, the fuel properties of torrefied PLA wastes,
torrefaction kinetics, and theoretical energy required for torrefaction were determined.

1.5. Methods of Thermal Processes Analysis

There are many various methods and techniques for thermal study performance and
thermal process analysis. The most common are studies using small, lab-scale reactors
made for specific situations, or by adopting other equipment such as muffle furnaces or
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autoclaves. These types of equipment allow performing thermal conversion of materials to
produce enough carbonized material used for other analyses such as proximate analysis,
elemental analysis, etc. Such small reactors are in favor of testing new and non-standard
materials as they provide a lot of information about process efficiency and product qual-
ity [24]. On the other hand, these reactors have limited potential for thermal process
reaction analysis. Most of them work similar to a black-box and only the beginning and
the final product is measured, without intermediates. For that reason, thermal analysis
is also performed using thermogravimetric equipment, allowing us to measure changes
in materials mass, occurred reactions, quality, and chemical compositions of intermediate
products. The basic thermogravimetric analysis is TGA that provides information about
mass losses during a time at a defined temperature, and differential scanning calorimetry
(DSC) provides information about energy flow through sample. Additionally, TGA/DSC
equipment can be coupled with other instruments that identify released gasses and their
chemical composition. As result, emissions and evolved pollution during the process can
be quantified and managed [25–27].

2. Materials and Methods

2.1. Materials

The samples of biodegradable materials for the experiment were prepared from
commercially available one-use cups. Paper (PAP) served as reference material and was
obtained from cups that were made of 99% of paper, and 1% of PLA. The PLA material
was obtained from cups made of 100% PLA plastic. The paper cups were ground using
a laboratory knife mill (Testchem, model LMN-100, Pszów, Poland), through a 3 mm
sieve, while the PLA cups were cut manually into pieces of ~1 cm2 as the PLA was
melting and blocked the mill. Then, the crumbled material was subjected to a torrefaction
process. Samples of raw and torrefied materials were stored in plastic containers at room
temperature (~20 ◦C).

2.2. Methods

Before the experiment, raw, crumbled materials were dried at 105 ◦C using a laboratory
dryer (WAMED, KBC-65W, Warsaw, Poland) until a constant mass was obtained. These dry
materials were used for CSF production. After that, the materials and produced CSFs were
subjected to proximate analysis and higher heating value (HHV) determination analysis.
Next, dry raw samples of raw materials were subjected to thermogravimetric analysis
(TGA) for kinetic parameters determination and differential scanning calorimetry analysis
(DSC) for determination of endo and exothermal reaction presence. Next, data from the CSF
production process and proximate analysis were used to build regression models that show
and describe quantitatively the effect of process temperature and time on CSF properties.

2.2.1. Torrefaction Process—CSF Production

The CSF was produced at different temperatures of 200–300 ◦C in intervals of 20 ◦C
and kept for 20, 40, and 60 minutes each. For the torrefaction procedure, 10 g of dry
samples were placed in ceramic crucibles. These crucibles were placed into the chamber
of the muffle furnace (Snol 8.1/1100, Utena, Lithuania), which was purged with CO2 gas
to create an inert atmosphere before the samples were heated to the setpoint temperature.
During the torrefaction process, CO2 gas was continuously supplied to the chamber to
prevent sample ignition. The CO2 flow was shut off after the treatment period and when
the temperature of the chamber declined to <150 ◦C. The mass of samples before and after
the process was used to calculate mass yield following Equation (1). Then, using the results
of HHV, the energy densification ratio was calculated (Equation (2)), and then the energy
yield of CSF was determined according to Equation (3).

MY =
mb
mr

·100 (1)
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where MY. is the mass yield, %; mb is the mass of material after torrefaction, g (CSF); and
mr is the mass of material before torrefaction, g.

EDr =
HHVb
HHVr

(2)

Where EDr. is the energy densification ratio; HHVb. is the high heating value of
material after torrefaction (J·g−1) (CSF); and mr is the high heating value of material before
torrefaction (J·g−1).

EY = MY·EDr (3)

where EY is the energy yield, %; MY. is the mass yield, %; and EDr is the energy densifica-
tion ratio.

2.2.2. Proximate Analysis and HHV Determination

For all samples, the proximate analysis was performed. The moisture content (MC)
was determined by the drying method at 105 ◦C using a laboratory dryer (WAMED,
KBC-65W, Warsaw, Poland) according to PN-EN 14346:2011 standard [28]. The volatile
matter (VM) was measured by a thermogravimetric method using a tubular furnace
(Czylok, RST 40 × 200/100, Jastrzębie-Zdrój, Poland), according to [29]. The ash content
(AC) was measured by sample incineration in a muffle furnace (Snol 8.1/1100, Utena,
Lithuania) according to PN-Z-15008-04:1993 standard [30], and fixed carbon was measured
by difference. Additionally, samples were tested for volatile solids content (VS) and
combustible part content (CP) using the muffle furnace (Snol 8.1/1100, Utena, Lithuania)
according to PN-EN 15169:2011 [31] and PN-Z-15008-04:1993 [30] standards, respectively.
All samples were tested for high heating value using a calorimeter (IKA, C200, Staufen,
Germany), according to PN EN ISO 18125:2017-07 [32]. To ensure repeatability, each
experiment was triplicated.

2.2.3. Statistical Analyses

Results of CSF production and proximate analysis were subjected to regression anal-
yses to provide empirical equations. These equations are used to describe the following
properties of CSF: MY, EDr, EY, VM, AC, FC, VS, CP, and HHV depending on process
temperature and time. The regression was performed according to previous work [19]. In
brief, experimental data were subjected to four regression models: (I) linear equation, (II)
second-order polynomial equation, (III) factorial regression equation, and (IV) response
surface regression equation. Then, determination coefficient (R2) and Akaike value (AIC)
were calculated for each model. Next, models with the greatest R2 and the lowest AIC
value were chosen as the best fit to experimental data; the other models were rejected.
In the case chosen model had some insignificant regression coefficients (an), they were
removed, and regression analysis was performed again.

To check if process conditions have an impact on fuel properties, ANOVA was per-
formed, with a post hoc Tukey test to test the pairwise significance (p < 0.05).

2.2.4. Thermal Analysis

The dry samples were subjected to TG/DTG/DSC thermal analysis using a simultane-
ous thermal analyzer (Netzsch, 449 F1 Jupiter, Selb, Germany). Term TG/DTG/DSC stands
for thermogravimetry/difference thermogravimetry/differential scanning calorimetry.
TG/DTG results present how material decomposes in the function of temperature, while
the DSC results show transformations and reactions occurring at a particular temperature.

The sample was placed into a corundum crucible. The mixture of nitrogen and
argon 4:1 was used as an inert gas. The sample was heated 10 ◦C·min−1 from 30–800 ◦C.
As a reference, an empty crucible was used. TGA/DTG/DSC analyzer automatically
recalculated DSC data to mW·mg−1 and determined DTG from TG.
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The TG data was used to determine kinetic parameters according to the Coats–Redfern
(CR) method. The CR’s kinetic triplet is activation energy (Ea), pre-exponential factor
(A), and order of reaction (n). The methodology of CR determination was presented
elsewhere [24].

2.2.5. Theoretical Mass and Energy Balance of the Torrefaction Process

Using part of the data from analyses that have been mentioned in the earlier para-
graphs, theoretical energy balance for the torrefaction of PLA and paper waste was calcu-
lated. The calculations refer to the production of 1 g of CSF and include the determination
of the:

• Mass of substrate used to produce 1 g of CSF;
• Energy contained in the raw material used to produce 1 g of CSF;
• External energy provided to the reactor to heat the proper amount of substrate to

setup temperature, to produce 1 g of CSF;
• Energy contained in 1 g of CSF;
• Mass of gas generated during the production of 1 g of CSF;
• Energy contained in gas after production of 1 g of CSF.

For calculations, data of MY, HHV, and DSC results were used. The scheme of energy
balance determination is shown in Figure 1. The green squares represent the order of
calculations, the grey squares represent experimental/calculated data used for energy
balance determination, and the blue squares stand for input and output data results.

 

Figure 1. Scheme of mass and energy balance determination.

In step I, the mass yield of CSF production was used to determine the mass of substrate
to produce 1 g of CSF by Equation (4), which allowed us to calculate the energy contained
in the substrate used to produce 1 g of CSF by Equation (5).

Ms =
MrCSF
MYCSF

(4)
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where: Ms—mass of substrate used to produce the required amount of CSF, (here 1 g), g;
MrCSF—required mass of CSF, (here 1 g), g; and MYCSF—mass yield of CSF production, %
(Equation (1)).

Es = Ms·HHVs (5)

where: Es—energy contained in the substrate used to produce CSF, J; Ms—mass of substrate
used to produce CSF, g; and HHVs—high heating value of substrate, J·g−1.

For step II, the results from DSC were used as input in the form of a power flow
by the sample during heating. The DSC was converted from mW·mg−1 to J mg−1 by
the multiplication by time in seconds, providing information about the energy in J used
to increase the temperature for 1 g of substrate. The energy demand to heat to setpoint
temperature and mass of substrate demand produce CSF per g were used to calculate the
demand of external energy to produce 1 g of CSF.

For step III, it is assumed, that the energy contained in 1 g of CSF equals the HHV,
which was determined by the experiment.

In step IV, the energy contained in the gas was calculated indirectly. The energy in
the gas is assumed to be a sum of external energy from step II, and the difference between
energy contained in substrate and energy contained in CSF obtained from torrefaction,
following Equation (6).

Egas = Eexternal + Esubstrate − ECSF (6)

where: Egas—energy contained in the gas, J; Eexternal—external energy provided to the-
reactor to heat the substrate to setup temperature, J; Esubstrate—energy contained in the
substrate used to produce CSF, J; and ECSF—energy contained in produced CSF, J.

To keep calculations as simple as possible, the calculations were performed follow-
ing assumptions:

• Moisture content in substrate = 0%;
• External energy is used to provide heat for the process;
• No heat losses of the reactor;
• The energy contained in the gas is a sum of chemical energy related to the chemical

composition of gas and heat; here it was assumed that CSF is cooled down after the
process, and all heat goes to gas.

3. Results and Discussion

3.1. Torrefaction Process—CSF Production

In Figures 2–4, process temperature and time effect on mass yield, energy densification
ratio, and energy yield of carbonized solid fuel made from PLA and PAP were presented.
The equations for these models were summarized in Table A1.

The mass yield of CSF made from PLA was almost not affected by process conditions.
Small weight loss was observed in CSF produced at 300 ◦C in 60 minutes, where the
MY decrease to 92%. For comparison, MY of CSF started to decrease from the lowest
temperatures, at 200 ◦C and 20 min, the MY had around 80%, which decreased to 40% at
300 ◦C and 60 min (Figure 2). The reason for the very high MY of CSF made from PLA
is the PLA decomposition resistances in the torrefaction temperatures range. It has been
confirmed later in this work by TG/DTG results, that PLA decomposition began around
290 ◦C, and peaked at 367 ◦C (Figure 5a). For comparison, the PAP’s main decomposition
started already around 240 ◦C and peaked at 326 ◦C (Figure 5a). Although TG/DTG
results are useful to investigate the thermochemical characteristics of a material, such as
the temperature of decomposition, it is insufficient to determine the mass yield in certain
temperature regimes or reaction times for different reactors due to different geometries,
sample sizes, or thermal properties. Depending on the temperature regime, which has the
main effect on decomposition, the time can result in less or more significant mass losses,
especially in temperature regimes that include the main decomposition reactions and long
residence time [33]. Therefore, empirical models for MY of PLA and PAP samples were
developed (Table A1) to correct the challenges of the experiments.
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(a) (b) 

Figure 2. Temperature and time effect on the mass yield (MY) of carbonized solid fuel made from (a) PLA, (b) PAP.

 
(a) (b) 

Figure 3. Temperature and time effect on the energy densification ratio (EDr) of carbonized solid fuel made from (a) PLA
and (b) PAP.

Figure 2 shows the process temperature and time effects on the energy densification
ratio (EDr). The EDr shows how much more energy is contained in the CSF in comparison
to unprocessed material. When EDr is equal to 1, no effect of a process for energy improve-
ment is observed. When EDr is lower than 1, it means that there is less energy in CSF than
it was initially in a substrate, and when EDr is higher than 1, it means that there is more
energy in CSF than it was in a substrate. In this study, no statistically significant (p > 0.05)
effect of torrefaction on EDr of PLA could be observed. However, a small effect of CSF
made from paper could be observed. Here, EDr increased at a statistically significant level
(p < 0.05) at setpoint temperatures higher than 280 ◦C.

The studied material was characterized by low enhancement in EDr. Typically, pro-
cessed biomass is characterized by EDr from 1.2 to 1.4 [34]. The EDr increase was a result
of the increase in HHV. The calorific value increase was probably a result of higher deoxy-
genation in comparison to the less intense decarbonization of material. When torrefaction
temperature increases, the relative oxygen content decreases, in favor of relative carbon
content which leads to an increase in HHV of CSF [35]. In the case of PLA, the process
was below decomposed temperature so proper deoxygenation could not take place, while
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the PAP probably did not release enough oxygen compared to carbon to significantly
increase HHV.

 
(a) (b) 

Figure 4. Temperature and time effect on the energy yield (EY) of carbonized solid fuel made from (a) PLA and (b) PAP.

 
(a) (b) 

Figure 5. Thermal analysis results, (a) TG/DTG, (b) DSC.

The energy yield (EY) shows how much energy that is contained in the substrate
remains in the CSF after the process. With the increasing process temperature and time,
the solid mass of substrate decreases as more gases and later also liquids are formed. Each
of the products needs some chemical energy for its formation, which results in a decrease
in the EY of CSF. Therefore, carbon and oxygen migration is an important factor during
torrefaction [35]. The EY of CSF made from PLA was not affected by the process conditions
for experimental conditions that were lower than 300 ◦C and 40 min (Figure 4). Under
these conditions, MY remained constant and at lower temperatures, no significant changes
in the HHV of torrefied PLA could be found. Therefore, the trend for EY was similar to MY.
In the case of PAP, an EY decrease at temperatures higher than 280 ◦C was found, which
resulted in a carbon migration to gas and liquid products [35,36].
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3.2. Proximate Analysis and HHV Results

The samples of materials used to produce CSF were also analyzed for volatile matter
(VM), ash content (AC), fixed carbon (FC), volatile solids (VS), combustibles parts (CP),
and high heating value (HHV). The PLA materials had 100%, 0%, 0%, 100%, and 100% of
VM, AC, FC, VS, and CP, respectively, while the PAP material had 88.2%, 3.6%, 8.2%, 96.3%,
and 96.4% of VM, AC, FC, VS, and CP, respectively. The HHV of PLA and PAP were 19,420
and 17,525 J·g−1, respectively (Table 1).

Table 1. Results of proximate analysis and calorific value of CSF, as dry basis.

Material Temp., ◦C Time, min VM, % FC, % AC, % VS, % CP, % HHV, J·g−1

PLA

- - 100.0 0.0 0.0 100.0 100.0 19,420

200
20 100.0 0.0 0.0 100.0 100.0 19,675
40 100.0 0.0 0.0 100.0 100.0 19,598
60 100.0 0.0 0.0 100.0 100.0 19,512

220
20 100.0 0.0 0.0 100.0 100.0 19,631
40 100.0 0.0 0.0 100.0 100.0 19,799
60 100.0 0.0 0.0 100.0 100.0 19,613

240
20 100.0 0.0 0.0 100.0 100.0 19,703
40 100.0 0.0 0.0 100.0 100.0 19,654
60 100.0 0.0 0.0 100.0 100.0 19,682

260
20 100.0 0.0 0.0 100.0 100.0 19,399
40 100.0 0.0 0.0 100.0 100.0 19,372
60 100.0 0.0 0.0 100.0 100.0 19,592

280
20 100.0 0.0 0.0 100.0 100.0 19,529
40 100.0 0.0 0.0 100.0 100.0 19,510
60 100.0 0.0 0.0 100.0 100.0 19,410

300
20 100.0 0.0 0.0 100.0 100.0 19,346
40 100.0 0.0 0.0 100.0 100.0 19,294
60 100.0 0.0 0.0 100.0 100.0 19,571

PAP

- - 88.2 8.2 3.6 96.3 96.4 17,525

200
20 86.6 9.9 3.4 96.6 96.6 17,889
40 86.2 10.1 3.6 96.3 96.4 17,283
60 86.7 9.8 3.5 96.5 96.5 17,653

220
20 88.0 8.6 3.4 96.5 96.6 17,185
40 86.7 10.0 3.3 96.4 96.7 17,504
60 86.4 10.1 3.5 96.4 96.5 17,368

240
20 85.5 10.9 3.5 96.3 96.5 17,446
40 84.7 11.8 3.6 96.2 96.4 17,366
60 84.8 11.7 3.5 96.2 96.5 17,434

260
20 86.2 10.2 3.6 96.1 96.4 17,163
40 84.0 12.4 3.6 96.0 96.4 17,389
60 81.9 14.1 4.0 95.7 96.0 17,220

280
20 83.6 12.7 3.7 96.3 96.3 17,352
40 67.9 26.0 6.1 93.7 93.9 19,048
60 66.9 26.2 7.0 92.8 93.0 19,146

300
20 69.3 24.8 5.9 93.9 94.1 18,758
40 60.8 31.5 7.7 91.8 92.3 19,520
60 55.7 34.6 9.7 89.9 90.3 19,346

For PLA samples, an unexpected result was found for FC and AC, 0%, while VM, VS,
and CP were 100%. The same results were obtained for all CSF made from PLA (Table 1).
Moreover, the Tukey test shows that there were no significant changes between the HHV
of CSF made from PLA. Therefore, it can be stated that torrefaction does not affect PLA
fuel properties. These unexpected results can be explained in two ways: (I) The amount
of ash (minerals) in PLA was too small to be detected by equipment that was used, or (II)
there were no minerals in the PLA material at all. In case of a lack of minerals (case II),
the results would be correct, as all organic matter was incinerated/devoltalized during
experiments. In the other case (I), a correction for the undetected mass would have to be
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performed. However, the error of the undetected mass is ±0.1 mg at an input of 1 g and
therefore negligible.

In the literature, both cases can be found for PLA. In favor of assumption (II) were
results from Camacho-Muñoz et al. [37] that showed 100% of vs. in a PLA sample. However,
Jing et al. [38] showed that PLA is a type of thermally degradable material that burns at a
relatively rapid heat release rate with negligible chars, suggesting that at least some FC
should remain.

For CSF made of PAP, a decrease in VM with increasing temperature and time was
observed. With increasing process temperature and time from 200 ◦C and 20 min to 300 ◦C
and 60 min, the VM decreases from 86.6% to 55.7%, while FC and AC increase from
9.9% to 34.6%, and from 3.4% to 9.7%, respectively (Table 1). The observed decrease in
VM is related to the devoltalization of materials. On a molecular level, large cellulose
molecules in PAP are broken into smaller ones until they are small enough to be removed
by convection [39]. Depending on the chemical composition, more or fewer of such small
molecules are released and, as a result, different values of VM can be observed. Unlike VM,
the AC and FC content increase mainly as a result of the loss in VM. Unlike AC, which
is related to the mineral present in the sample, additional FC can be produced during
secondary reactions [40]. Nevertheless, for biomass, the presence of components such as
hemicellulose and cellulose is the main contributor of VM production, while lignin is the
same for FC production [41].

Both tested materials were characterized by a relatively high level of VM, and low
and zero content of FC (PAP and PLA, respectively). For comparison, wood biomass has
86% of VM, 15% of FC, and 0.4% of AC [42], torrefied wood at 300 ◦C in 30 min has 71%
of VM, 29% of FC, and 0.4% of AC [43], while high-rank bituminous (coal) has 27.6% of
VM, 65% of FC, and 7.4% of AC [44]. It is clear that fuel properties of torrefied paper and
biodegradable plastic are not close to conventional solid fuels. Nevertheless, the positive
aspect of PLA material is its zero-ash content, which decreases the costs for managing
the ash.

The high heating value of 19.4 MJ·kg−1 for PLA is more than twice lower than that of
conventional plastics such as polyethylene [45]. Moreover, torrefaction does not increase
the HHV of PLA (Table 1). On the other hand, torrefaction was found to be suitable for PAP.
The HHV of PAP increased from 17.5 MJ·kg−1 to 19.5 MJ·kg−1 in CSF produced at 300 ◦C;
40 min. Though these values seem to suffice when they are compared to energetic biomasses
(HHV ~ 18 MJ·kg−1) [46], they are still small in comparison with coals 30 MJ·kg−1 [47] or
conventional plastics 40 MJ·kg−1 [45].

3.3. Thermal Analysis Results

Figure 5a shows the TG/DTG results. The PLA mass was almost constant up to
around 290 ◦C, where thermal decomposition started. The PLA decomposed totally in one
step at temperatures of ~300–400 ◦C, with the maximum peak at 367 ◦C. Backes et al. [48]
show that PLA composition (additive presence) affects thermal degradation, and some
components reduce the activation energy of initiation of thermo-degradation reactions.
As a result, the decomposition onset temperature and maximum peak can differ up to
40 ◦C depending on the processed PLA [48]. Additionally, maximum decomposition
peaks occur at 353–385 ◦C [48]. The DSC analysis results are shown in Figure 5b. The
analysis shows that during PLA pyrolysis several reactions related to polymer phase
transition occurred. The first phase transition at 64 ◦C is the glass transition of PLA. At
149 ◦C, the endothermal melting transformation was observed and finally, at 372 ◦C, the
main endothermal decomposition peak was found. These findings agreed well with the
result of Sousa et al. [49]. The results show that, for some reason, the DSC decomposition
peak was shifted in comparison to DTG at about 5 ◦C (Figure 5a,b). Nevertheless, these
findings explain that torrefaction could not significantly change the properties of PLA, as
the temperature was too low for efficient devolatilization.
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For PAP, three peaks were observed by DTG. First at 80 ◦C, second at 326 ◦C, and third
at 550 ◦C with 1.3%, 74.6%, and 5.4% mass change (Figure 5a, grey curve), respectively. The
first and third peaks are almost not visible in Figure 5a. The first peak is related to residual
water evaporation, while the second peak is probably related to cellulose decomposition.
This is due to the fact that white paper is made mainly from cellulose, (85–99%) with the
addition of lignin of 0–15% [50]. Nevertheless, reprocessed paper (e.g., newspaper) has less
cellulose (40–55%), more lignin (18–30%), and comparable content hemicellulose (25–40%)
in comparison to white paper [50]. Additionally, the previously mentioned substances
could affect the PAP sample decomposition. Typically, the hemicellulose, cellulose, and
lignin decompose at 225–325 ◦C, 305–375 ◦C, and 250–500 ◦C, respectively [51]. According
to Porshnov et al. [52], the temperature range of 250–300 ◦C is a characteristic interval
for hemicellulose decomposition, 300–350 ◦C for cellulose decomposition, while above
400 ◦C the residue of lignocellulosic substances decomposed at a very slow rate. Lignin
decomposition reactions were reported to occur at up to 900 ◦C [52]. Therefore, it is
highly probable that PAP’s third peak is related to lignin decomposition. The DSC results
showed that, during PAP pyrolysis, four endothermal transformations occurred. The first
transformation at 91.4 ◦C was probably related to residual moisture removal [53], and
the following transformations were related to the decomposition of elements of the PAP
sample. Similar results were obtained by Yang et al. [53], who tested clean cellulose and
found the main endothermal peak related to decomposition at 355 ◦C. In this study, this
peak was found at 329.6 ◦C (Figure 5b) and, similarly to the PLA, the DSC peak of PAP
was shifted in comparison to DTG at about 3.6 ◦C.

The kinetic parameters were determined at β = 10 ◦C·min−1 using the Coats–Redfern
method. The kinetic triplets were determined for the whole process (30–800 ◦C) and the
main peaks observed at TG/DTG plots (Figure 5a). The whole decomposition process
for PAP and PLA were described by a reaction order of 1.56 and 2.02, respectively, and
relative low activation energy of 33.11 kJ·(mol·K)−1, and 46.24 kJ·(mol·K)−1, respectively
(Table 2). Here, it is worth noting that, for PLA, the determination coefficient was low,
at 0.66, which was a result of the one-stage decomposition process, which occurred at
290–400 ◦C. Additionally, other kinetic triplets were determined with high determination
coefficients (Table 2). The main PLA decomposition reaction was described by a reaction
order of 0.42 and 160.05 kJ·(mol·K)−1 activation energy, while PAP exhibited an order of
2.12, and 122.55 kJ·(mol·K)−1 (Table 2). The first peak for PAP was omitted, as it was only
residual water evaporation. It is worth noting that the suspected lignin decomposition at
the third peak of the PAP sample had the highest activation energy of 173.05 kJ·(mol·K−1),
which was about 51 kJ·(mol·K)−1 larger than the main decomposition of cellulose. This
finding is contrary to Noszczyk et al. [54] who studied several types of biomass materials
and noticed that the cellulose content had a significant impact on the Ea, and the high-
est Ea was observed at the second stage of reaction, which was related to the cellulose
decomposition [54].

Table 2. Kinetic triplets determined at β = 10 ◦C·min−1 using Coats-Redfern method.

Material Note Temperature, ◦C n Ea, kJ·(mol·K)−1 A, s−1 R2

PLA
Whole process 30–800 2.02 46.24 2.91 × 10 0.66

Main decomposition peak 290–400 0.42 160.05 2.37 × 1010 0.96

PAP
Whole process 30–800 1.56 33.11 5.88 × 10−1 0.89

Main decomposition peak 240–400 2.12 122.55 1.74 × 108 0.96
Third decomposition peak 668–760 3.00 173.05 4.90 × 1010 0.91

3.4. Theoretical Mass and Energy Balance of the Torrefaction Process

Table 3 summarizes the theoretical mass and energy balance to produce 1 g CSF s
given. The table compares the temperature and time. The third and fourth headings
present the input mass needed to produce 1 g of CSF, and the chemical energy contained in
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this material. The fifth heading presents external heat provided to the torrefaction process.
The sixth heading shows energy contained in 1 g of CSF. The seventh heading present a
mass of gas released from the substrate during torrefaction, and the last heading show
energy contained in this gas. The energy in gas was calculated as a sum of external energy
provided to conduct a process and energy of substrate that was not converted into CSF.

Table 3. Torrefaction mass and energy balance for production of 1 g of CSF from PLA and Paper wastes.

Temp.,◦C
Time,
min

Mass of Substrate
Used to Produce 1 g

of CSF, g

Energy Contained in
the Raw Material

Used to Produce 1 g
of CSF, J

External Energy
Needed to Produce

1 g of CSF, J *

Energy Contained
in 1 g of CSF, J **

Mass of Gas
Generated during the
Production of 1 g of

CSF, g

Energy Contained
in Gas after

Production of 1 g of
CSF, J ***

PLA PAP PLA PAP PLA PAP PLA PAP PLA PAP PLA PAP

200
20 1.004 1.054 19,500 18,475 86 328 19,675 17,889 0.004 0.054 −89 914
40 1.006 1.048 19,540 18,367 86 328 19,598 17,283 0.006 0.048 27 1412
60 1.006 1.055 19,538 18,482 86 328 19,512 17,653 0.006 0.055 112 1157

220
20 1.003 1.074 19,483 18,817 133 425 19,631 17,185 0.003 0.074 −15 2056
40 1.004 1.053 19,505 18,459 133 425 19,799 17,504 0.004 0.053 −161 1380
60 1.007 1.060 19,552 18,582 133 425 19,613 17,368 0.007 0.060 72 1639

240
20 1.005 1.053 19,512 18,454 194 536 19,703 17,446 0.005 0.053 3 1543
40 1.007 1.078 19,562 18,886 194 536 19,654 17,366 0.007 0.078 101 2056
60 1.013 1.096 19,676 19,207 194 536 19,682 17,434 0.013 0.096 188 2309

260
20 1.010 1.066 19,608 18,683 267 663 19,399 17,163 0.010 0.066 477 2184
40 1.011 1.102 19,642 19,308 267 663 19,372 17,389 0.011 0.102 537 2583
60 1.007 1.170 19,562 20,499 267 663 19,592 17,220 0.007 0.170 237 3942

280
20 1.014 1.131 19,685 19,822 355 803 19,529 17,352 0.014 0.131 510 3273
40 1.025 1.357 19,909 23,778 355 803 19,510 19,048 0.025 0.357 754 5534
60 1.022 1.550 19,839 27,163 355 803 19,410 19,146 0.022 0.550 784 8820

300
20 1.012 1.288 19,646 22,571 458 940 19,346 18,758 0.012 0.288 758 4753
40 1.043 2.357 20,247 41,303 458 940 19,294 19,520 0.043 1.357 1,410 22,722
60 1.227 2.485 23,833 43,551 458 940 19,571 19,346 0.227 1.485 4,719 25,144

* value determined using DSC analysis result. ** value determined using calorimetric analysis result (HHV). *** value is the sum of chemical
energy contained in gas and heat from external energy, assuming that no external energy stays in CSF.

The result shows that more PAP than PLA substrate is needed to produce 1 g of CSF. In
the case of 300 ◦C at 60 min, the double mass of PAP is needed compared to PLA (Table 3).
The reason for this large input substrate demand originates from the low mass yield of PAP
torrefaction (Figure 2b). As a result, much more chemical energy contained in PAP is put
into the process to produce 1 g of CSF (23,833 J for PLA vs. 43,551 J for PAP). Additionally,
the DSC results showed that more energy was needed to heat PAP than PLA to 300 ◦C,
(458 J·g−1

CSF vs. 940 J·g−1
CSF) (Table 3). This is caused probably by the mostly higher

specific heat value (Sp) of PAP in comparison to PLA. Depending on chemical composition,
Sp of PAP varies from 1150 to 1650 J·(g·K)−1 [55] while, for PLA, the value varies from
1180 to 1210 J·(g·K)−1 [56]. On the other hand, PLA has a higher thermal conductivity,
0.12–0.15 W·(m·K)−1 than PAP 0.08–0.11 W·(m·K)−1 [55,56].

During torrefaction, torrgas are produced. The analysis showed that a small mass
of torrgas is produced from PLA and, depending on process conditions, these vary from
0.004 g·g−1

CSF to 0.227 g·g−1
CSF. As the production of 1 g of CSF from PAP needs far more

substrate, much more torrgas is produced and varies from 0.054 g·g−1
CSF to 1.485 g·g−1

CSF
(Table 3). As a result, during torrefaction at 300 ◦C, for each gram of produced CSF, around
1.5 g of torrgas is generated, and these torrgas contain more energy than produced CSF,
while for PLA it is only 0.23 g of torrgas with around four times less energy than produced
CSF (Table 3).

When energy contained in torrgas is higher than the external energy needed to produce
CSF, it theoretically can be assumed that the process is self-sufficient. This is true when
torrgas are incinerated to provide heat for a substrate. With that assumption can be stated
that PLA torrefaction can be self-sufficient at process temperatures higher than 300 ◦C and
40 min, while PAP is similar from 200 ◦C and 20 min (Table 3). Nevertheless, these results
do not include heat losses, process efficiency, and energy needed for water evaporation
that is in the real feedstock. Due to many different approaches to reactors design, it is hard
to assume any heat losses and process efficiency. However, the contribution of water can
be calculated and added to the results obtained in this study. To remove 1% of the water
from solid fuel, at least 22.57 J (2257 J·g−1

H2O is the latent heat of water evaporation at
100 ◦C) is needed, as well as the energy needed to heat this water to 100 ◦C [57]. For this
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reason, the herein presented calculations serve as a starting point that has to be adapted for
a particular reactor system and different feedstocks.

4. Summary

The results of this study showed that PLA’s fuel properties cannot be improved
by torrefaction, as no calorific values increase were observed with increasing process
temperature and time. The reason is that PLA hardly decomposes, with negligible charring
effects at torrefaction temperatures. On the other hand, PAP’s fuel properties can be
improved up to 10% by applying temperatures higher than 280 ◦C, which is probably
caused by a partial cellulose decomposition. Additionally, the kinetic analysis revealed
that PLA is decomposed in a one-stage process, that takes place at ~290–400 ◦C, with Ea
of 160.05 kJ·(mol·K)−1, while PAP is decomposed in a two-stage process, at ~240–400 ◦C,
and ~668–760 ◦C, with Ea of 122.55 kJ·(mol·K)−1 and 173.05 kJ·(mol·K)−1, respectively.
Moreover, the calculations showed that PLA torrefaction cannot be self-sufficient for CSF
production and external energy is required, while CSF production from PAP proves to be
self-sufficient under assumptions of no heat loss.

These results provide the first step towards an understanding of the PLA torrefaction
process, but further research is needed to investigate higher temperatures of thermal PLA
processing embracing gaseous and liquid products rather than solids, as PLA decomposes
entirely into volatile components. Moreover, future studies should focus on PLA co-
pyrolysis with conventional plastic, as a separation in waste management facilities is
currently not possible from the MSW stream. Such a separation may be possible for
separately collected and clean plastic wastes, but will fail in the case of plastics with
organic adhesions, which are typical for plastic in MSW.

Regarding waste management scenarios, our study showed that the thermal properties
of PLA qualify this material neither as a fuel surrogate in waste incinerators nor for an
improvement by torrefaction process when we compare PLA with conventional high
energy plastics. Therefore, a successive substitution of high caloric plastics by PLA may be
reasonable when the end-of-life-scenario for the material is composting, but will raise the
demand of conventional fuel when its thermally treated.
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Glossary

PLA polylactic acid
PAP paper
CSF carbonized solid fuel
EU European Union
HD-PE high-density polyethylene
PET polyethylene terephthalate
LD-PE low-density polyethylene
RDF refuse-derived fuel
MSW municipal solid waste
SRF solid recovered fuel
MBT mechanical-biological treatment plant for waste
PP Polypropylene
PE Polyethylene
PS Polystyrene
HHV higher heating value
TGA thermogravimetric analysis
DSC differential scanning calorimetry analysis
MY mass yield
EDr energy densification ratio
EY energy yield
MC moisture content
VM volatile matter
AC ash content
VS volatile solids content
CP combustible part content
R2 determination coefficient
AIC Akaike value
an regression coefficients,
DTG differential thermogravimetry
CR Coats–Redfern method
Ea activation energy
A pre-exponential factor
n order of reaction
Sp specific heat value

Appendix A

In Figure A1, the predictions of RDFs HHV depending on biodegradable plastic share
in conventional plastic was presented. The calculation was completed using data from pre-
vious work [58]. Predictions were made based on the following assumptions: RDF compo-
nents (component name, component share, components HHV): carton, 10%, 14.6 MJ·kg−1;
fabric 10%, 17.6 MJ·kg−1; kitchen waste 5%, 16,4 MJ·kg−1; paper 10%, 13.8 MJ·kg−1; plastic
50%, 38.5 MJ·kg−1; rubber 5%, 31 MJ·kg−1; tetrapack 5%, 21.6 MJ·kg−1; and wood 5%,
18.7 MJ·kg−1 [58]. The HHV of biodegradable plastic 19 MJ·kg−1 [this study].

In Table A1, torrefaction temperature and time effect on process yields and fuel
properties are summarized. Presented equations are valid for CSF properties determination
at T = 200–300 ◦C and t = 20–60 min. The R2 stands for the determination coefficient. The
higher = better.
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Figure A1. Effect of biodegradable plastic share in conventional plastic on RDF quality.

Table A1. Empirical equations for determination of torrefaction process and fuel properties of CSF produced from PLA and
PAP; the equations boundary, T = 200–300 ◦C, t = 20–60 min.

Material Equation R2

PLA

MY(T,t), % = 0.759 × T − 0.00139 × T2 + 0.678 × t − 0.00303 × T × t 0.55
EDr(T,t), % = 0.975 + 0.000545 × T − 0.00000160 × T2 − 0.00101 × t + 0.00000220 × t2 + 0.00000340 × T × t 0.13

EY(T,t), % = 0.792 × T − 0.00151 × T2 + 0.596 × t − 0.00270 × T × t 0.58
VM, % = 100 1.00

FC, % = 0 1.00
AC, % = 0 1.00

VS, % = 100 1.00
CP, % = 100 1.00

HHV, J·g−1 = 19549 ± 140 1.00

PAP

MY(T,t), % = − 340.901 + 3.558 × T − 0.00712 × T2 + 2.079 × t − 0.00952 × T × t 0.86
EDr(T,t), % = 2.404 − 0.0119 × T + 0.0000243 × T2 − 0.00189 × t − 0.0000268 × t2 + 0.0000184 × T x t 0.77

EY(T,t), % = − 260.469 + 2.876 × T − 0.00570 × T2 + 1.946 × t − 0.00889 × T × t 0.78
VM(T,t), % = -153.308 + 2.021 × T − 0.00418 × T2 +0.899 × t − 0.00421 × T × t 0.92

FC(T,t), % = 184.153 − 1.583 × T + 0.00336 × T2 − 0.00609 × t2 + 0.00245 × T × t 0.90
AC(T,t), % = 53.879 − 0.409 × T + 0.000815 × T2 − 0.232 × t + 0.00105 × T × t 0.94

VS, % = 47.732 + 0.396 × T − 0.000790 × T2 + 0.239 × t − 0.00109 × T × t 0.94
CP(T,t), % = 46.120 + 0.409 × T − 0.000815 × T2 + 0.232 × t − 0.00105 × T × t 0.94

HHV(T,t), J·g−1 = 39,926.103 − 198.210 × T + 0.425 × T2 + 0.0447 × T × t 0.77
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Abstract: The proof-of-the-concept of application of low-temperature food waste biochars for the
anaerobic digestion (AD) of food waste (the same substrate) was tested. The concept assumes that
residual heat from biogas utilization may be reused for biochar production. Four low-temperature
biochars produced under two pyrolytic temperatures 300 ◦C and 400 ◦C and under atmospheric and
15 bars pressure with 60 min retention time were used. Additionally, the biochar produced during
hydrothermal carbonization (HTC) was tested. The work studied the effect of a low biochar dose
(0.05 gBC × gTSsubstrate

−1, or 0.65 gBC × L−1) on AD batch reactors’ performance. The biochemical
methane potential test took 21 days, and the process kinetics using the first-order model were
determined. The results showed that biochars obtained under 400 ◦C with atmospheric pressure and
under HTC conditions improve methane yield by 3.6%. It has been revealed that thermochemical
pressure influences the electrical conductivity of biochars. The biomethane was produced with a
rate (k) of 0.24 d−1, and the most effective biochars increased the biodegradability of food waste (FW)
to 81% compared to variants without biochars (75%).

Keywords: methane fermentation; biogas; biomethane; biochar; pyrolysis; hydrothermal carbonization;
biochemical methane potential; biogas production kinetics

1. Introduction

1.1. Background

The implementation of a circular economy induces the new approaches of closing the
loops of material and energy flows within the systems, including the new solutions for food
waste management. The high biodegradability and high biogas potential of food waste
may be utilized for both biogas and organic fertilizer production. The biogas yield may be
enhanced, and the fertilizer quality may be improved by the addition of biochars derived
from food waste. It may bring added value to food waste, a component of municipal solid
waste (MSW) sustainable management. Progressing economic development is conducive
to an increase in waste production. MSW causes environmental problems such as water,
air, and soil pollution, loss of biodiversity, and resource depletion, and over-use of land [1].
To counteract the negative waste effects and to counteract resource depletion, the European
Union (EU) goes to a circular economy, where waste becomes a new resource. According to
the directive 2008/98/EC on waste [2], EU states should move towards a circular economy
by achieving targets for preparing, reusing, and recycling MSW. These targets were set to a
minimum of 55%, 60%, and 65% (by weight) by 2025, 2030, and 2035, respectively [2]. To
meet the directive targets and goals of the circular economy, the Council of the European
Union adopted a rule for the collection of bio-waste. By 2023, all EU states must collect
bio-waste separately or recycle it at the source (home composting) [3].

The bio-waste term refers to biodegradable garden and park waste, food and kitchen
waste from households, restaurants, caterers, and retailers, and comparable waste from
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food processing plants [2]. Bio-waste accounts for about 30% of the MSW stream and about
60% of bio-waste is made from food waste (FW) [4].

1.2. Bio-Waste Processing Methods

Currently, in the EU, MSW (containing bio-waste from households) are mainly pro-
cessed in the mechanical-biological treatment plants (MBT). In the MBT, in the first step,
waste is treated mechanically by screening to separate fractions’ streams. An undersize
fraction constitutes mainly minerals and wet organic waste, while an oversize fraction
consists of plastics and other flammable materials. The screening process is not perfect,
and, therefore, part of plastics and other flammable materials go to the undersize fraction,
while some organic waste stays in the oversize fraction. As a result, an undersize fraction is
unfit for organic recycling, and plastics quality is lower in comparison to plastics collected
separately at the source. After screening, the undersize fraction is processed by composting
or anaerobic digestion to stabilize, where waste is converted into a low-grade compost-like
output (CLO), which must be landfilled [5,6].

On the other hand, when MSW are collected separately, the recycling rate of materials
increases, and organics recycling of bio-waste is possible. Waste streams collected separately
have higher quality than mixed [5,6], and bio-waste can be converted by composting or
anaerobic digestion to fertilizer. In both processes, microorganisms are used to break down
organic matter. Compositing is the process under controlled conditions in the presence of
oxygen, at an appropriate temperature and humidity of ~60%. Depending on composting
technology, it may be done in pits, by piling and heaping [7], or in closed reactors with
forced aeration also known as in-vessel systems [8]. During composting, organic matter can
heat itself to 70 ◦C at the thermophilic phase, ensuring the destruction of pathogens [7]. The
process also leads to a decrease in the mass and volume because of water evaporation and
organic matter decomposition. Besides composting advantages like low-cost technology
and easy process control, several drawbacks exist. The process requires external energy
for heaps turning and/or aeration, and when out of a vessel system technology is used,
gaseous and liquid emissions occur. Processing of green waste results in CO, CO2, CH4,
H2, NH3, N2O, CH4, and volatile organic compounds (VOCs) emissions which cannot be
avoided [9]. Therefore, if composting does not follow in closed reactors, a better option for
biowaste processing is anaerobic digestion (AD).

Methane fermentation is a decomposition of organic matter under an oxygen-free
atmosphere by anaerobic microorganisms at 37 ◦C or 55 ◦C. The main process product
is flammable biogas consisting of CO2 and CH4 about 1:1, and digestate residues that
can be used as fertilizer or solid fuel as well. Similarly, to composting, a lot of different
technologies exist. For an organic fraction of MSW, (i) solid-state anaerobic digestion,
(ii) continuous digestion with thermophilic conditions, and (iii) plug flow and continuous
stirring tank rectors [6] are the most suitable. Though investment costs are much higher
for anaerobic processes compared to aerobic ones, surplus energy production, comparable
quality fertilizer, and almost zero emissions are plays in favor of AD [10]. Therefore, biogas
plants will gradually replace composting ones.

1.3. Problems with AD of Bio-Waste

Due to a variable of bio-waste composition, conducting the AD process entails certain
difficulties. To maintain biogas production at a stable level, many monitoring parameters
need to be taken into count (feedstock size, total solids, volatile solids, pH value, ammonium
nitrogen, volatile fatty acids (VFA), redox potential, alkalinity ratio, biogas composition
(CH4, CO2, H2 and H2S), temperature, trace elements concentration, organic loading rate
(OLR), and hydraulic retention time (HRT)). As a result, trained workers with laboratory
equipment are needed [11]. Lack of concise process control and optimization of bio-
waste composition lead to harmful intermediate compounds’ production and process
instability. It is due to organic waste nature. Most FW has acidic pH which consumes
digested feedstock alkalinity and is quickly decomposed during the hydrolysis phase.
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Quick decomposition with a combination of high protein and lipids content leads to rapid
generation and accumulation of ammonia (NH3), and VFAs over inhibitory levels [12].
Though high VFA concentration does not have to inhibit the process since VFAs are essential
nutrients for bacteria growth, pH value needs to be kept at an optimal level to balance
the inhibitory effects of VFAs and NH3 [13]. As a result of difficulties, AD of bio-waste
(especially FW) is often performed at a low OLR of 2–3 gCOD × (L × d)−1 [12]. For that
reason, different substances improving process stability and performance are added [13].
One such substance getting attention recently is biochar.

Biochar is considered as the material improving the methane fermentation process [14].
Biochar can absorb compounds such as H2S and CO2, and it also has the potential to
mitigate the inhibition of ammonia and acids. It also creates an optimal environment for
the growth of microorganisms, which results in faster colony development and higher
biogas yield. The effect of biochar addition (positive or negative) depends on the specific
situation like reactor type (batch, continuous) substrate type, type of fermentation, type of
the biochar, and others [14].

The biochar is produced from organic materials during thermal processing at tempera-
tures above 300 ◦C in a free oxygen atmosphere. Depending on conditions, the process is
called torrefaction (200–320 ◦C), pyrolysis (>300 ◦C) [15], or hydrothermal carbonization
(180–320 ◦C) [16]. Besides temperature, other parameters specify these processes, inter alia
residence time, pressure, and initial moisture. Torrefaction and pyrolysis are performed
at atmospheric pressure for pre-dried materials, while hydrothermal carbonization is per-
formed at overpressure for wet materials. Each process has pros and cons and is used for
different materials and purposes. The amount and quality (desired properties) of carbona-
ceous material obtained from thermal processing depends on feedstock type and process
conditions. In general, the higher the process temperature, the more energy-consuming the
thermal processing, and the lower amount of biochar is produced in favor of the yield of
other products (liquid and gases) [15–17]. Therefore, low-temperature biochars produced
with lower energy demand than under high-temperature pyrolysis may be considered as a
sustainable source of structural additive for FW AD. The scientific question on its influence
on AD performance may be derived.

1.4. Study Aim

All the advantages of the AD process improvement by biochar addition have not been
fully explored because biochar can be produced from various substrates, under different
conditions, and various substrates can be processed by AD. Additionally, the application
of biochar produced from the same materials as being processed under AD has been
rarely studied [18]. In this work, five low-temperature biochars that potentially could
be made using residual heat from biogas combined heat and power units (300–400 ◦C)
were produced and used to enhance the AD of FW. Moreover, biochars were produced
from the substrate (here food waste) under torrefaction, low-temperature pyrolysis, and
hydrothermal carbonization conditions.

2. Materials and Methods

2.1. Materials
2.1.1. Inoculum Preparation

As inoculum for biochemical methane potential tests, digestate from the 1 MWel
commercial agricultural biogas plant (Bio-Wat Sp. z o.o., Świdnica, Poland) was used. The
biogas plant is operating on wet (dry mas < 10%) and mesophilic conditions (37 ◦C). The
digestate was collected to plastic canisters and was taken to the laboratory where it was
stored at room temperature for ~24 h. The next day, the digestate was filtered through
gauze to separate liquid from solid particles: unprocessed substrate, plastics, etc. Then,
the liquid digestate was stored in the climate chamber (Pollab, model 140/40, Wilkowice,
Poland) at 4 ◦C before the biochemical methane potential test.
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2.1.2. Food Waste Preparation

The food waste mixture for biochemical methane potential tests was prepared from
food purchased in the grocery store. The mixture consists of 3.67% of orange, 8.67% of
banana, 7.33% of apple, 1.33% of lemon, 24.33% of potatoes, 4.67% of onion, 3.33% of salad,
3.33% of cabbage, 2.33% of tomatoes, 6% of rice, 6% of pasta, 3% of bread, 3% of meat, 12%
of fish meat, and 11% of cheese by fresh mass. The fresh food waste mixture had 64.2%
of moisture content (MC), while volatile solids (VS) constituted 95.8% of dry mass. The
ash content (AC) of the mixture was 4.2%. The FW composition was based on the work of
Valta et al. [19]. The properties of moisture content, total solids (TS), volatile solids (organic
matter content), and ash content, of used food materials, and mixture composition per
fresh, dry, and volatile solids percentage share bases are presented in Table 1.

Table 1. Food waste properties and its share in food waste mixtures.

Material

Basic Properties Share in Mixture

MC, % * TS, % * VS, % ** AC, % **
By Fresh
Mass, %

by Dry Mass, % by VS, %

Mixture 64.2 35.8 95.8 4.2 - - -
Orange 86.2 13.8 95.3 4.7 3.67 1.42 1.43
Banana 81.4 18.6 87.8 12.2 8.67 4.51 4.19
Apple 87.4 12.6 95.4 4.6 7.33 2.58 2.60
Lemon 85.4 14.6 93.5 6.5 1.33 0.55 0.54

Potatoes 61.6 38.4 93.1 6.9 24.33 26.11 25.73
Onion 89.2 10.8 93.4 6.6 4.67 1.41 1.40
Salad 94.9 5.1 85.7 14.3 3.33 0.48 0.43

Cabbage 92.2 7.8 91.6 8.4 3.33 0.72 0.70
Tomatoes 95.1 4.9 82.1 17.9 2.33 0.32 0.32

Rice 13.2 86.8 99.4 0.6 6.00 14.55 15.31
Pasta 11.6 88.4 95.5 4.5 6.00 14.84 15.00
Bread 22.5 77.5 95.2 4.8 3.00 6.50 6.54
Meat 69.8 30.2 96.0 4.0 3.00 2.53 2.57

Fish meat 81.7 18.3 95.5 4.5 12.00 6.12 6.19
Cheese 43.5 56.5 92.8 7.2 11.00 17.37 17.06

* as received base. ** as dry base.

FW components were dried in the laboratory dryer (WAMED, model KBC-65W,
Warsaw, Poland) at 105 ◦C and shredded. Drying time differed depending on the food type.
Then, dry food was ground through a 1 mm screen using a laboratory knife mill (Testchem,
model LMN-100, Pszów, Poland). Ground FW samples were stored in plastic string bags,
at room temperature. The mixture for AD was prepared from ground dry food materials
according to data presented in Table 1. To ensure mixture homogeneity, one portion of
1 kg was prepared before the biochemical methane potential test. In addition, all tests were
done using this mixture.

2.1.3. Low-Temperature Biochar Preparation and Analyses

The low-temperature biochars, low-temperature and low-pressure biochars, and low-
pressure hydro-char were produced using a prototype batch laboratory reactor (WUELS,
RBMT2020-1.1, Wrocław, Poland) presented in Figure 1. A full reactor design description is
available elsewhere [20]. In short, the reactor is steel-made, an air-tight vessel of 22.3 dm3,
wrapped in a 3 kW heating jacket and insulations (4). The process gas can be released by
the upper (6) or lower valve (8). In this study, gas was released by the upper valve and went
through a cooler that kept its temperature below 200 ◦C (to protect the manometer) (1).
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Figure 1. Reactor RBMT2020-1.1 used for biochar production, 1—manometer, 2—safety valve, 3—gas
cooler, 4—reactor chamber wrapped by heating jacket and insulation, 5—stand, 6—upper valve,
7—exhaust gas pipe, 8—lower valve.

The biochars were produced from a dry FW mixture at 300 ◦C and 400 ◦C in 60 min,
at atmospheric pressure, and overpressure of 15 bars. For each process, the residence
time of 60 min was counted since the setpoint temperature inside the reactor was reached.
For the process at overpressure, when the pressure in the reactor increased over 15 bars,
it was released manually up to 14 bars. An exemplary biochar production parameters’
diagram is presented in Figure A1. The outer reactor wall temperature was around 150 ◦C
higher than the setpoint temperature (inside the reactor). For low-pressure hydrothermal
carbonization (15 bars), a dry FW mixture was mixed with water to obtain 64.2% moisture
content (to simulate the initial moisture of FW). The setpoint temperature for hydrothermal
carbonization was 280 ◦C.

For each process, a total sample mass of 250 g was used. Each sample was divided
into five smaller samples of ~50 g that were placed into aluminum trays that next were
covered with aluminum foil. Then, the five trays were placed evenly inside the reactor.
The reason for sample dividing was to place it in a different part of the reactor to assure
better heat transfer from the reactor’s walls to samples. The reason for covering trays with
aluminum foil was to avoid sample incineration at the initial stage where some air could
have been present in the reactor.

After 60 min, since the setpoint temperature inside the reactor was reached, the heating
jacket was turned off. Additionally, in the case of overpressure processes, the upper valve
has been opened to release pressure. Then, the reactor was left to cool down. After cooling
down to room temperature, samples were removed. The difference between the initial and
end mass of solids was used to calculate the mass yield of the biochar production following
Equation (1):

MY =
mb
mr

× 100 (1)

where:

MY—mass yield, %;
mb—dry mass of biochar after the process, g,
mr—dry mass of material before process, g.
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Produced biochars were analyzed for specific surface area (BET), total pore volume
<50 nm (Vt), and average pore size <50 nm (L) by adsorption analyzer (Micromeritics,
ASAP 2020, Norcross, GA, USA).

2.2. Methods
2.2.1. Biochemical Methane Potential Test

Biochemical methane potential (BMP) tests were performed using an automatic
methane potential test system (BPC Instruments AB, AMPTS® II, Lund, Sweden) pre-
sented in Figure 2. The system consists of 15 reactors (500 mL) with agitation (2) placed
in water batch (1), gas volume meters (4) as well as a built-in data acquisition system that
can be displayed on PC (5). Due to the presence of CO2 absorption units filled with NaOH
solution (4), only CH4 volume was measured.

Figure 2. Biochemical methane potential test equipment AMPTS II, 1—water bath, 2—reactors with
agitation, 3—CO2 absorption units, 4—gas volume meters, 5—computer.

A biomethane potential test took 21 days and was performed twice. Each replication
consists of two reactors filled with digestate; two reactors filled with digestate and FW, and
two reactors filled with digestate, FW, and biochar according to the matrix presented in
Table 2. For each reactor, 300 g of liquid digestate was used. For each reactor (excluding
the first two), 3.96 g of dry FW mixture was added, and for reactors with BC, 0.1982 g of
dry biochar was added. As a result, the substrate to inoculum ratio (SIR) was 0.4 by VS (or
0.25 by TS), the total solids in the reactors were 6.53–6.59%, and biochar share in FW was
5% (by total solids). At the beginning and end of the test, ph and electrical conductivity
(EC) was measured using a ph/EC meter (Elmetron, CPC-411, Zabrze, Poland).

Table 2. Anaerobic digestion experiment matrix, D—digestate, FW—food waste, BC_—specific
biochar derived under the following conditions: temperature, ◦C/residence time, min./pressure, bar.

Sample Digestate Food Waste Mixture Biochar

D + - -
D + - -

D + FW + + -
D + FW + + -

D + FW + BC_300/60/0 + + +
D + FW + BC_300/60/0 + + +

D + FW + BC_300/60/15 + + +
D + FW + BC_300/60/15 + + +
D + FW + BC_400/60/0 + + +
D + FW + BC_400/60/0 + + +

D + FW + BC_400/60/15 + + +
D + FW + BC_400/60/15 + + +
D + FW + BC_ HTC280 + + +
D + FW + BC_ HTC280 + + +

D—digestate; FW—food waste mixture, BC_300/60/0—biochar produced at 300 ◦C in 60 min and atmo-
spheric pressure, BC_300/60/15—biochar produced at 300 ◦C in 60 min and overpressure pressure of 15 bars,
BC_400/60/0—biochar produced at 300 ◦C in 60 min and atmospheric pressure, BC_400/60/150—biochar pro-
duced at 300 ◦C in 60 min and overpressure pressure of 15 bars, HTC280—biochar/hydrochar produced in
hydrothermal carbonization process at 280 ◦C in 60 min at a pressure of up to 15 bars.
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The SIR of 0.4 was chosen due to works of [21,22], which show that, for FW, the
optimal SIR varies from 0.33 to 0.5, while a 5% BC share in food waste by TS was chosen
due to our previous work [18]. In addition, a 5% share of biochar addition considered in the
current study is equal to biochar addition of 0.05 gBC × gTSsubstrate

−1, or 0.65 gBC × L−1.

2.2.2. Materials and Process Residue Analysis

All material used in the study was subjected to moisture content, total solids, volatile
solids, and ash content determination [23]. The moisture content and total solids were
determined using the laboratory dryer (WAMED, model KBC-65W, Warsaw, Poland),
according to the PN-EN 14346:2011 standard [24], while volatile solids and ash content
were determined using the muffle furnace (SNOL, 8.1/1100, Utena, Lithuania) according to
the PN-EN 15169:2011 standard [25]. Additionally, biochars were analyzed for pH and EC.
The measurements were performed in measured in solution: 1 g of dry mass to 10 mL of
deionized water, after 30 min since being mixed [26].

FW mixture was additionally subjected to ultimate analysis for determination of
the elemental composition (C, H, N, S, O). The ultimate analysis was performed using a
CHNS analyzer (PerkinElmer, 2400 CHNS/O Series II, Waltham, MA, USA) according
to 12902:2007 [27]. The oxygen content was calculated by the difference according to
Equation (2):

O = 100 − C − H − N − S − AC (2)

where:

O—oxygen % share in dry mass, %;
C—carbon % share in dry mass, %;
H—hydrohen % share in dry mass, %; S—sulfur % share in dry mass, %;
AC—ash % share in dry mass, %.

The elemental composition was used for the calculation of theoretical biogas com-
position and the theoretical biochemical methane potential (TBMP). Calculations were
done according to Boyle modification of Buswell and Mueller stoichiometric formulas,
Equation (3) [28]:

Ca HbOcNdSe+
(

a − b
4 − c

2 + 3d
4 + e

2

)
H2O

→
(

a
2 + b

8 − c
4 − 3d

8 − e
4

)
CH4 +

(
a
2 − b

8 + c
4 + 3d

8 + e
4

)
CO2 + dNH3 + eH2S

(3)

where:

Ca HbOcNdSe—elemental composition of the substrate, C—carbon, H—hydrogen,
O—oxygen, N—nitrogen, S—sulphury, and a, b, c, d, e stands for molar % share of specific
elements of the volatile solids of biomass [29].
H2O—water needed for substrate decomposition, mol;
CH4—methane, mol;
CO2—carbon dioxide, mol;
NH3—ammonia, mol;
H2S—hydrogen sulfide, mol.

The mols of biogas products (CH4, CO2, NH3, H2S) were recalculated for volume in
standard conditions (p = 1013.25 hPa, T = 273.15 K) by multiplication obtained mols by
22.415 obeying Avogadro’s law. Knowing the elemental composition of substrates and the
molar mass of each element, the mass of 1 mol of the substrate was calculated. Next, the
volume of each gas component was divided by the mass of 1 mole of substrate used for
its production, providing a result in dm3 per gram of dry substrate. Then, knowing the
volatile solids of a substrate, results were recalculated to dm3 of gas per gram of volatile
solids of a substrate.
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Additionally, the FW biodegradability was calculated using data of cumulative methane
production and theoretical maximum methane production following Equation (4) [30], and
CH4 production effect, Equation (5):

BD =
EBMP
TBMP

× 100 (4)

where:

BD—biodegradability of FW obtained in the methane fermentation process, %;
EBMP—experimental biochemical methane potential, ml × gVS

−1;
TBMP—theoretical biochemical methane potential, ml × gVS

−1;

CH4 production e f f ect =
CH4with BC − CH4without BC

CH4without BC
× 100 (5)

where:

CH4 production e f f ect—change of CH4 produced after biochar addition to the process, %;
CH4with BC—CH4 produced from a sample without biochar added, ml;
CH4without BC—CH4 produced from a sample with biochar added, ml.

2.2.3. Methane Production Kinetics

The results of the BMP test were subjected to kinetics determination. The first-order
equation (Equation (6)) was used to provide information about the rate of methane pro-
duction and the estimated value of maximum methane production potential with the
application of Statistica 13.0 software (TIBCO Software Inc., Palo Alto, CA, USA). After-
ward, the methane production rate was calculated (Equation (7)) [18]:

BMP = EBMPe ×
(

1 − e(−k × t)
)

(6)

r = k × EBMPe (7)

where:

BMP—the cumulative methane production obtained from a substrate after time t,
mlCH4 × gVS

−1;
EBMPe—the estimated value of experimental maximum methane production obtains from
a substrate, mlCH4 × gVS

−1;
k—constant reaction rate, d−1;
t—process time, d;
r—methane production rate, mlCH4 × (gVS × d)−1.

2.2.4. Statistical Analysis of Biochar Effect

To check if biochar addition had a statistically significant effect (positive or negative)
on the methane fermentation, the one-way analysis of variance with post-hoc Tukey tests
was performed at the level of α = 0.05, with the application of Statistica 13.0 software
(TIBCO Software Inc., Palo Alto, CA, USA).

3. Results and Discussion

3.1. Substrate and Biochar Properties

The liquid digestate used for BMP had 7.86 of pH, 68.8 μS × cm−1 of EC, 94.7% of
MC, 5.3% of TS, 59.3% of VS, and 40.7% of AC, while the FW mixture (substrate) used for
BMP tests had 5.6% of MC, 94.4% of TS, 95.8 of VS, and 4.2% of AC (Table 1). The elemental
analysis showed that FW mixture was characterized by 44–47.8%, 5.7–6.2%, 39.9–44.4%,
1.45–1.58%, 0.24–0.26% of C, H, O, N, S, respectively (by dry mass base). In addition, the
FW mixture was characterized by a pH of 5.62 and EC of 3.6 mS × cm−1.
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The five types of biochars were used depending on the production conditions as
follows: temperature/time/pressure; however, the HTC280 means a hydrothermal car-
bonization process at 280 ◦C in 60 min. The biochars were characterized by MY ranging
from 34.3% to 56.4% for 400/60/15 and HTC280, respectively (Table 3). The highest MY
was noted in the case of HTC and the 300/60/15 process (Table 3). As result, for biochars
with high MY, less substrate and energy are needed for their production in comparison
to biochars with low MY. Nevertheless, in such a scenario, the substrate is less converted,
and biochar may not have the desired properties [31]. Produced biochars had a relatively
low volatile solid content compared to FW used for biochar production. On the other
hand, biochars had a much higher ash content than the FW mixture. The ash content in
biochar varied from 10.4% to 39.1%, while the FW mixture had only 4.2% of ash. The pro-
duced biochar was also analyzed for specific surfaces area (SSA) according to BET theory,
total pore volume <50 nm (Vt), and average pore size <50 nm (L). Moreover, produced
biochars had a value of SSA ranging from 0.26 to 0.64 g × m−2, and pore size ranging
from 5.2 to 7.1 nm (Table 3). The total pore volume ranged from 3.3 × 10−4 cm3 × g−1 to
8.2 × 10−4 cm3 × g−1, excluding 400/60/15 biochar that had Vt of 11.3 × 10−4 cm3 × g−1

(Table 3). The pyrolysis results in biochars’ pH increase from 5.62 to 8.61–10.75, except
HTC280, for which pH decreased to 5.59. Except for biochar produced at 300 ◦C, all biochars
had higher EC in comparison to the FW (Table 3).

Table 3. Low-temperature biochar properties.

Material MY, % ** MC, % * TS, % * VS, % ** AC, % ** SSA, m2 × g−1 Vt, cm3 × g−1 L, nm pH ***
EC, mS ×
cm−1 ***

300/60/0 42.6 4.5 95.5 79.5 20.5 0.62 8.2 × 10−4 5.2 8.61 3.04
300/60/15 45.9 3.3 96.7 89.6 10.4 0.26 3.3 × 10−4 5.0 8.04 3.57
400/60/0 37.4 4.4 95.6 77.3 22.7 0.61 7.6 × 10−4 5.0 10.19 4.53

400/60/15 34.3 4.0 96.0 60.9 39.1 0.64 11.3 × 10−4 7.1 10.75 7.69
HTC280 56.4 18.4 81.6 88.1 11.9 0.38 5.6 × 10−4 5.9 5.59 4.71

* as-received base, ** dry base, *** measured in solution: 1 g BC to 10 mL deionized water, after 30 min.

The pore volume, pore size, specific surface area, pH, elemental composition, surface
functional groups, electrical conductivity (EC), and cation exchange capacity (CEC) are
considered as key biochar physicochemical properties which affect the AD and biogas
production [32]. Porosity is considered a key factor to recognize the plausible relations
with microbes in AD. The porosity is characterized in terms of the average diameter [33]
and is described by three main pore type: micropores (<2 nm), mesopores (2–50 nm), and
macropores (>50 nm). For activated carbon, a specific surface area of micropores may
constitute up to 95% of the total SSA of activated carbon. As result, micropores decide
about the adsorption capacity. On the other hand, mesopores significantly contribute to
the adsorption of larger particles, such as dye or humic acids [34]. Generally, pores with
a radius over 25 nm are considered transport pores, while pores smaller than 25 nm are
considered adsorbing ones [35]. Besides absorption, pores provide a microorganism habitat
for proliferating since the typical size of bacteria is 0.3 μm to 13 μm. The higher the SSA,
the more effective biochar is in the interaction with the surrounding species [33]. The SSA
of biochar varied significantly depending on substrate and process conditions. The SSA
in activated carbons varies from 419 to 3102 m2 × g−1 [36], while for low-temperatures
and not activated biochar (350–500 ◦C), it varies from 0.36 to 5.31 g × m−2. Moreover, pore
volume and average pore size in such biochars vary from 10 × 10−4 to 80 10−4 cm3 × g−1,
and 2.39 to 14.60 nm, respectively [37]. It means that biochars produced in the current
study do not differ significantly in comparison with other biochars produced at similar
temperatures but have incomparably smaller SSA in comparison to activated carbon.

Since electrically conductive materials (i.e., mineral particles, carbon materials) added
to AD show a reduction in lag phase and increased methane production rates, electrically
conductive materials found more attention. Conductive materials (i.e., biochar, graphite,
activated carbon) added to AD can promote direct interspecies electron transfer (DIET) be-
tween syntrophic partners [38]. The DIET is an alternative to interspecies H2/formate trans-
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fer for syntrophic electron exchange between microbial species. In AD, some methanogens
can receive electrons from other microorganisms by molecular electric connections or by
conductive materials [39]. For that reason, materials with good electrical conductivity
properties are assumed to help enhance methane fermentation. The biochar electrical
conductivity can be measured in solid-state [40], as powder [41], or in water solution, like
soil EC is measured [42]. The EC varies depending on the method, and therefore caution
is needed when data are compared between studies. Nevertheless, results from the same
method show that an increase in pyrolysis temperature increases EC value. In addition,
this is due to higher carbonization and an increase in ash content [41]. Biochar EC values
may vary from 0.04 mS × cm–1 to 54.2 mS × cm–1, and besides pyrolysis temperature,
the feedstock affects EC as well [42]. These show that biochar produced in this study had
relatively low EC (3.04–7.69 mS × cm–1) in comparison to biochars found in the literature.

The pH is an important factor affecting the BMP test results and will be described in
more detail later. It is worth noting here that all biochars except HTC280 were alkaline,
and their pH increased with process temperature, while HTC280 become more acidic. In
addition, it is worth noting that pH did not change when pressure was applied, while EC
increased, 3.04 vs. 3.57 mS × cm–1 for biochars made at 300 ◦C, and 4.53 vs. 7.69 mS × cm–1

for biochars made at 400 ◦C. This suggests that pressure may potentially be a parameter
that can be used to modify EC. This finding should be further investigated.

3.2. Biochemical Methane Potential—Theoretical and Experimental

The effect of low-temperature biochar addition on the cumulative biomethane pro-
duction process for 21 days was investigated (Figure 3). The result shows that the highest
methane production was obtained for biochar from hydrothermal carbonization (HTC280)
and biochar produced at 400/60/0. The control reactors obtained 347.9 mlCH4 × gVS

−1,
while reactors with biochars 400/60/0 and HTC280 had 360.1 mlCH4 × gVS

−1 and 365.2
mlCH4 × gVS

−1, respectively (Figure 3). The lowest value of BMP was obtained for reactors
where biochar 400/60/15 was added (331.7 mlCH4 × gVS

−1).

Figure 3. The biomethane production from food waste (n = 4). The results show CH4 production
in ml per gram of food waste volatile solids, and the CH4 produced by inoculum (digestate) was
subtracted.
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The theoretical biochemical methane potential of the food waste mixture was
460 mlCH4 × gVS

−1 (Equation (3)). In addition, theoretical calculations showed that, for
complete substrate conversion into biogas, 437 mlCO2 × gVS

−1, 25 mlNH3 × gVS
−1, and

2 mlH2S × gVS
−1 will be produced. The experimental BMP test for control samples after

21 days obtained 347.9 mlCH4 × gVS
−1 (Figure 3) reaching 75.5% substrate biodegradation.

Experimental BMP values obtained in this study are lower than the BMP value for
source-separated domestic FW collected in the EU, for which BMP ranges from 420 to
470 mlCH4 × gVS

−1 [43]. Nevertheless, the theoretical potential is in this range, and most
reactors reached BD over 75%, which suggests that BMP was done properly, especially
since the processing time was only 21 days.

The CH4 production effect shows a difference between the value obtained from the
control (D + FW) and the reactor with biochar (Table 4). When the value is greater than 0,
biochar increased the methane production, while when the value is lower than 0, biochar
decreased methane production in comparison to control. The biochar addition had a
positive effect on methane production from FW. Only biochar 400/60/15 showed a decrease
in methane production. For this biochar, all reactors produced less methane than control.
For other biochars, mean value from the repetitions was generally positive, and more
methane was produced than by control. Nevertheless, biochars produced at 300 ◦C led to
a decrease in methane production in some repetitions. The highest methane production
was obtained from reactors where 400/60/0 and HTC280 were added, 3.5%, and 3.6%
respectively (Table 4). Among literature, various effects of biochar addition on methane
production effect can be found. Results differ from total process inhibition to a several-fold
increase in methane production. The effect is highly dependent on factors such as initial
conditions of the batch test, used inoculum and substrate, the substrate to inoculum ratio,
biochar dose, biochar type, and conditions of its production) [22,44–47]. Kaur et al. [47]
added biochars produced at 550 ◦C and 700 ◦C from wood, oilseed rape, and wheat straw
at a dose of 10 gBC·L−1 to co-fermentation of food waste and sewage sludge under a high
SIR level of 11.5 by VS. As a result, cumulative methane production increased from 4.5%
to 24%. In addition, the highest increase was observed for biochar made from wheat
straw at 550 ◦C, and the lowest for oilseed rape produced at 700 ◦C [47]. On the other
hand, Sunyoto et al. [22] added biochar made from pine sawdust at 650 ◦C to anaerobic
digestion of food waste. Biochar doses of 8.3, 16.6, 25.1, and 33.3 gBC·L−1 were studied,
and results showed that only a dose of 8.3 increased methane production by 6.2%, while
others decreased methane production up to 12.9%. It is also worth noting that biochar doses
that increased methane potential did not do it significantly, while biochar doses higher
than 25.1 gBC·L−1 significantly decreased methane production (at the p-value of 0.002) [22].
Furthermore, the results of Zhang et al. [45] that conducted methane fermentation of FW at
thermophilic conditions showed that the lowest of tested biochar doses (6 gBC·L−1) gave
the highest cumulative methane production [45]. Because, in the current study, only one
dosage of 0.65 gBC·L−1 was tested, and other research proved that a biochar dose of up
to 10 gBC·L−1 can improve methane production, higher doses of 400/60/0 and HTC280
should be tested in the future.

The initial pH in all reactors with FW and biochar differed from 7.62 to 7.91, while EC
differed from 56.1 to 67.9 μS × cm−1. After 21 days of the process, pH differed from 7.92
to 8.03, and EC differed from 68.7 to 77.7 μS × cm−1 (Table 4). For comparison, digestate
alone had an initial pH and EC of 7.86, and 66.8 μS × cm−1, respectively, while, after
21 days, these parameters were 8 and 71.8 μS × cm−1, respectively (Table 4). The initial
pH is an important parameter affecting methane yield in batch experiments, but no one
value would show the correctness of the process [48]. The initial pH and then its changes
during the process affect product yield, as optimal pH was reported value from 6.8 to
7.4 [49]. Anaerobic digestion is a four-stage process consisting of hydrolysis, acidogenesis,
acetogenesis, and methanogenesis. The pH is crucial in each stage, and each of them
required a different value. A positive correlation was found between the hydrolysis rate and
pH [49]. The optimal pH for acidogenesis is 5.5–6.5 [50], while methanogenesis is effective
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when pH is around 6.5–8.2 (with optimum pH of 7.0) [51]. Even though methanogenesis
is effective at 6.5, the methanogens’ growth rate is reduced significantly at a pH lower
than 6.6 [52]. Therefore, the best result of AD can be obtained by a division process into
two-stage hydrolysis with acidogenesis, and acetogenesis with methanogenesis [49]. The
pH also affects the decomposition of total solids, and volatile solids in the reactor, as well as
volatile fatty acid composition [53,54]. Nevertheless, in this study, biochar addition did not
significantly change pH (p < 0.05), and as result, all reactors had similar conditions. Here it
is worth noting that, for some reason, biochars with completely different pH, 10.19 vs. 5.59
for 400/60/0 and HTC280, respectively, showed the best methane production enhancement.
The reason for that may be some other biochar properties that were not considered in this
study. Maybe these biochars enhanced buffer capacity in the highest way despite different
pH, and, as a result, provided better conditions for microorganism growth.

Table 4. The biochar addition effect on the process residues and methane production, after 21 days.

Biochar No.

Initial End Process Residues’ Properties

Mass Re-
duction,

%

BD, %
CH4

Production
Effect, %pH

EC,
μS ×
cm−1

pH
EC, μS
× cm−1 MC, % TS, % VS, % AC, %

D + FW

1 7.91 61.4 7.92 76.1 95.8 4.2 61.0 39.0 3.6 79.6 -
2 7.85 63.6 7.92 72.7 95.6 4.4 58.9 41.1 3.7 78.2 -
3 7.69 65.7 8.02 73.5 95.8 4.2 59.6 40.4 2.1 73.3 -
4 7.68 65.1 7.99 73.5 95.8 4.2 60.3 39.7 2.5 71.7 -

Mean 7.78 64.0 7.96 74.0 95.7 4.3 59.9 40.1 3.0 75.5 -

300/60/0

1 7.82 56.1 7.97 75.6 95.6 4.4 60.7 39.3 3.0 78.7 −0.2
2 7.85 58.6 7.92 74.4 95.6 4.4 60.5 39.5 3.0 78.4 −0.7
3 7.62 66.1 7.96 74.1 95.7 4.3 63.1 36.9 2.5 75.5 4.1
4 7.67 66.3 7.96 74.7 95.6 4.4 61.0 39.0 2.3 72.3 −0.3

Mean 7.74 61.8 7.95 74.7 95.7 4.3 61.3 38.7 2.7 76.2 0.7

300/60/15

1 7.85 66.1 7.93 74.1 95.6 4.4 59.5 40.5 3.1 81.9 3.8
2 7.84 63.8 7.93 73.5 95.6 4.4 61.5 38.5 3.1 81.2 2.9
3 7.67 66.6 8.02 75.6 95.7 4.3 59.6 40.4 2.2 72.4 −0.2
4 7.65 65.1 8.02 74.4 95.6 4.4 62.2 37.8 2.4 72.7 0.3

Mean 7.75 65.4 7.98 74.4 95.6 4.4 60.7 39.3 2.7 77.0 1.7

400/60/0

1 7.86 57.9 7.92 75.1 95.6 4.4 58.5 41.5 3.1 82.6 4.7
2 7.84 65.1 7.92 75.9 95.6 4.4 59.6 40.4 3.1 81.6 3.4
3 7.65 65.7 7.95 74.3 95.7 4.3 61.1 38.9 2.2 75.4 3.9
4 7.64 64.5 8.01 74.5 95.5 4.5 61.0 39.0 2.3 73.9 1.9

Mean 7.75 63.3 7.95 75.0 95.6 4.4 60.0 40.0 2.7 78.4 3.5

400/60/15

1 7.83 65.2 7.93 77.7 95.7 4.3 60.1 39.9 2.7 72.4 −8.2
2 7.85 65.8 7.92 76.5 95.7 4.3 59.9 40.1 3.4 72.0 −0.7
3 7.68 67.9 8.03 73.9 95.8 4.2 64.4 35.6 2.4 - -
4 7.67 61.6 8.00 72.5 95.6 4.4 61.8 38.2 2.3 - -

Mean 7.76 65.1 7.97 75.2 95.7 4.3 61.6 38.4 2.7 72.7 −4.5

HTC280

1 7.78 64.7 7.95 75.9 95.7 4.3 61.0 39.0 3.0 81.6 3.4
2 7.82 63.2 7.93 76.8 95.6 4.4 60.3 39.7 3.9 81.5 3.3
3 7.64 66.0 7.99 72.0 95.7 4.3 69.6 30.4 2.3 75.4 4.0
4 7.64 67.4 8.02 68.7 95.7 4.3 61.4 38.6 3.0 - -

Mean 7.72 65.3 7.97 73.4 95.7 4.3 63.1 36.9 3.1 79.5 3.6

The EC shows the number of dissolved salts in solutions and is proportional to the
quantity of these salts. The solutions with higher salt concentration have a greater ability
to conduct an electrical current [42]. In the methane fermentation process, this parameter
alone is rather useless. Nevertheless, EC can be used in online monitoring of biogas plants
for prediction in advanced methane production of up to two days [55], or alkalinity [56].
As mentioned previously, conductive materials can enhance methane production by DIET.
Nevertheless, in this study, biochar addition did not change the electrical conductivity of
the solution significantly (p < 0.05); therefore, it is highly probable that DIET had no effect
here.

Generally, biochar addition did not lead to significant (p < 0.05) changes in pH, and
EC obtained biodegradability, substrate mass reduction, and amount of produced CH4.
However, even though no statistically significant differences were found, results of biochar
made at 400/60/0 and HTC280 showed to always have higher methane production than
control, on average by 3.5% (Table 4). At first sight, it looks small; however, when the
1 MWe FW biogas plant working for 8000 h per year is considered, after the addition of
BC, the additional 280 MWh of electricity may be produced. It is worth noting that usually
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biogas plants have problems with the utilization of heat, which in this case may be used for
BC production.

3.3. Biomethane Production Kinetics

The mean kinetic parameters evaluated by the model for control (D + FW) were
k = 0.240 d−1, EBMPe = 351.4 mlCH4 × gVS

−1 and r = 84.43 mlCH4 × (gVS × d)−1 (Table 5).
All determined kinetics had a high determination coefficient (R > 0.99) (Table 5), which
suggests that the used model fits the experimental data well. In general, the first-order
model is used for quickly and abruptly stopping degradation substrates [57]. Furthermore,
there was no need to use more sophisticated models like the modified Gompertz equation
(good fitting when a lag phase is present), the mondo model (good fitting when gas
production slowly declining at the end of the process), or two first-order equations (good
fitting when two separate degradation profiles occur) [57] since here no such situation took
place and biodegradation of over 75% was obtained in 21 days (Table 4).

Table 5. Kinetic of CH4 production for all experiments.

Variant No. k, d−1 EBMPe, mlCH4 × gVS
−1 r, mlCH4 × (gVS × d)−1 R2, -

Control

1 0.265 362.13 95.89 0.997
2 0.270 354.13 95.48 0.996
3 0.217 348.40 75.46 0.993
4 0.208 340.94 70.88 0.992

Mean 0.240 351.40 84.43 0.995

300/60/0

1 0.266 357.43 95.25 0.996
2 0.264 357.42 94.29 0.996
3 0.205 357.16 73.31 0.995
4 0.202 343.32 69.23 0.993

Mean 0.234 353.83 83.02 0.995

300/60/15

1 0.281 371.93 104.62 0.997
2 0.273 371.08 101.45 0.997
3 0.212 342.20 72.62 0.993
4 0.217 344.88 74.90 0.993

Mean 0.246 357.52 88.40 0.995

400/60/0

1 0.249 377.05 93.77 0.996
2 0.268 368.88 98.99 0.996
3 0.200 356.88 71.20 0.994
4 0.222 347.68 77.29 0.994

Mean 0.235 362.62 85.31 0.995

400/60/15

1 0.250 326.62 81.75 0.995
2 0.208 341.82 70.96 0.994
3 - - - -
4 - - - -

Mean 0.229 334.22 76.36 0.995

HTC280

1 0.254 361.80 91.93 0.992
2 0.238 364.77 86.82 0.992
3 0.210 356.53 74.69 0.995
4 - - - -

Mean 0.234 361.04 84.48 0.993

The biochar addition changed the values of kinetic parameters slightly, but these
changes were not statistically significant (p < 0.05). The highest constant production rate of
biomethane was observed for 300/60/15 (k = 0.246 d−1), while the lowest for 400/60/15
(k = 0.229 d−1). Overall, 400/60/15 addition resulted in the worst kinetics, and the EBMPe
and r were 334.22 mlCH4 × gVS

−1 and 76.36 mlCH4 × (gVS × d)−1, respectively. On the other
hand, the best kinetics were obtained for 300/60/0 and 400/60/0 (Table 5). These results
are a little confusing since the experiment showed that the highest methane production
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was for 400/60/0 and HTC280; nevertheless, this is probably due to a simplification of the
model, which was not able to consider the increase in CH4 production after 17 days visible
for HTC280 (Figure 3).

Overall, the results of methane production kinetics were determined accurately. The
maximum methane potential and process kinetics are highly dependent on substrate, inocu-
lum, equipment, and process conditions such as TS and pH. Deepanraj et al. [58] analyzed
the kinetic of biogas production from kitchen waste at different TS concentrations (5–15%)
and pH (5–9). The results of Deepanraj et al. [58] showed that first-order model kinetics
(Gompertz model name by author) fit well to experimental data and had a determination co-
efficient >0.994. Moreover, results showed that the highest biogas production was obtained
for TS = 7.5% and pH of 7 [58]. Is worth noting that these values are close to the ones used
in this study (TS varied from 6.53 to 6.59%, and pH varied from 7.62 to 7.91). This suggests
that those are important parameters for food waste anaerobic digesting and should be
always considered when a BMP test of FW is prepared. There are pieces of evidence in the
literature for which biochar addition can improve anaerobic digestion of food waste e.g.,
by improving process stability, decreasing lag phase, increasing methane yield, etc. Some
theories described a process, how biochar enhances AD. Nevertheless, the abundance of
food waste and used equipment/procedures lead to different AD enhancement results
among studies—bearing in mind that biochar production consumes energy, and biochar
transport to biogas plants costs as well. Different low-temperature biochars that potentially
could be made using residual heat from biogas combined heat and power unit (CHP)
(300–400 ◦C) were tested. It must be noted that biochars were made from a substrate used
in a biogas plant and added to reactors at only one low dose (0.05 gBC × gTSsubstrate

−1,
or 0.65 gBC × L−1). The application of different BC doses might influence biomethane
production more significantly. It should be further investigated.

4. Conclusions

Executed experiments, on the application of biochar produced from the same substrate
as used for the anaerobic digestion (food waste) under different low-temperature and
pressure conditions, indicated that:

• not all low-temperature biochars at the presented dose can improve biomethane
production yield;

• the biomethane yield changes are visible for extreme cases. The worst biochar led to an
average 4.5% CH4 decrease, while two of the best biochars increased CH4 production
on average by 3.5%;

• biomethane production was improved on average by 3.5% by biochar made at 400 ◦C in
60 min at atmospheric pressure, and by low-pressure hydrochar produced at 280 ◦C,
while the biodegradability of FW was higher than 81% in those variants;

• the theoretical CH4 potential of food waste was 460 mlCH4 × gVS
−1, while the first-

order constant reaction rate was k = 0.24 d−1;
• the FW thermal treatment pressure may influence the EC of biochar.

Further research is needed at low-temperature biochars since this study did not
clearly reveal the dependence between low-temperature biochars addition and methane
production yield. More trials with different biochar production pressure variants, biochar
doses, and at different food waste concentrations should be performed for the validity of
the low-temperature biochar application in AD.
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35. Zdravkov, B.D.; Čermák, J.J.; Šefara, M.; Janků, J. Pore Classification in the characterization of porous materials: A perspective.
Cent. Eur. J. Chem. 2007, 5, 385–395. [CrossRef]

36. Xu, M.; Li, D.; Yan, Y.; Guo, T.; Pang, H.; Xue, H. Porous high specific surface area-activated carbon with co-doping N, S and P for
high-performance supercapacitors. RSC Adv. 2017, 7, 43780–43788. [CrossRef]

142



Materials 2022, 15, 945

37. Gaffar, S.; Dattamudi, S.; Baboukani, A.R.; Chanda, S.; Novak, J.M.; Watts, D.W.; Wang, C.; Jayachandran, K. Physiochemical
characterization of biochars from six feedstocks and their effects on the sorption of atrazine in an organic soil. Agronomy 2021, 11,
716. [CrossRef]

38. Cruz Viggi, C.; Simonetti, S.; Palma, E.; Pagliaccia, P.; Braguglia, C.; Fazi, S.; Baronti, S.; Navarra, M.A.; Pettiti, I.; Koch, C.; et al.
Enhancing methane production from food waste Fermentate using biochar: The added value of electrochemical testing in
pre-selecting the most effective type of biochar. Biotechnol. Biofuels 2017, 10, 303. [CrossRef]

39. Chen, S.; Rotaru, A.-E.; Liu, F.; Philips, J.; Woodard, T.L.; Nevin, K.P.; Lovley, D.R. Carbon cloth stimulates direct interspecies
electron transfer in syntrophic Co-Cultures. Bioresour. Technol. 2014, 173, 82–86. [CrossRef]

40. Gabhi, R.S.; Kirk, D.W.; Jia, C.Q. Preliminary investigation of electrical conductivity of monolithic biochar. Carbon 2017, 116,
435–442. [CrossRef]

41. Hoffmann, V.; Rodriguez Correa, C.; Sautter, D.; Maringolo, E.; Kruse, A. Study of the electrical conductivity of biobased
carbonaceous powder materials under moderate pressure for the application as electrode materials in energy storage technologies.
GCB Bioenergy 2019, 11, 230–248. [CrossRef]

42. Singh, B.; Dolk, M.M.; Shen, Q.; Arbestain, M.C. Biochar PH, Electrical Conductivity and Liming Potential. In Biochar: A Guide
to Analytical Methods; Singh, B., Camps-Arbestain, M., Lehmann, J., Eds.; CRC Press: Boca Raton, FL, USA, 2017; pp. 23–38.
Available online: https://www.researchgate.net/publication/319206365 (accessed on 29 November 2021).

43. Banks, C.; Heaven, S.; Zhang, Y.; Baier, U. Food Waste Digestion: Anaerobic Digestion of Food Waste for a Circular Economy; IEA
Bioenergy: Göteborg, Sweden, 2018; ISBN 9781910154588. Available online: https://www.ieabioenergy.com/blog/publications/
food-waste-digestion-anaerobic-digestion-of-food-waste-for-a-circular-economy/ (accessed on 29 November 2021).

44. Pan, X.; Lv, N.; Cai, G.; Zhou, M.; Wang, R.; Li, C.; Ning, J.; Li, J.; Li, Y.; Ye, Z.; et al. Carbon- and metal-based mediators modulate
anaerobic methanogenesis and phenol removal: Focusing on stimulatory and inhibitory mechanism. J. Hazard. Mater. 2021, 420,
126615. [CrossRef] [PubMed]

45. Zhang, L.; Lim, E.Y.; Loh, K.C.; Ok, Y.S.; Lee, J.T.E.; Shen, Y.; Wang, C.H.; Dai, Y.; Tong, Y.W. Biochar enhanced thermophilic
anaerobic digestion of food waste: Focusing on biochar particle size, microbial community analysis and pilot-scale application.
Energy Convers. Manag. 2020, 209, 112654. [CrossRef]

46. Zhao, W.; Yang, H.; He, S.; Zhao, Q.; Wei, L. A review of biochar in anaerobic digestion to improve biogas production:
Performances, mechanisms and economic assessments. Bioresour. Technol. 2021, 341, 125797. [CrossRef]

47. Kaur, G.; Johnravindar, D.; Wong, J.W.C. Enhanced volatile fatty acid degradation and methane production efficiency by biochar
addition in food waste-sludge Co-Digestion: A step towards increased organic loading efficiency in Co-Digestion. Bioresour.
Technol. 2020, 308, 123250. [CrossRef]

48. Chen, T.-H.; Hashimoto, A.G. Effects of PH and substrate: Inoculum ratio on batch methane fermentation. Bioresour. Technol.
1996, 56, 179–186. [CrossRef]

49. Mao, C.; Feng, Y.; Wang, X.; Ren, G. Review on research achievements of biogas from anaerobic digestion. Renew. Sustain. Energy
Rev. 2015, 45, 540–555. [CrossRef]

50. Kim, J.; Park, C.; Kim, T.-H.; Lee, M.; Kim, S.; Kim, S.-W.; Lee, J. Effects of various pretreatments for enhanced anaerobic digestion
with waste activated sludge. J. Biosci. Bioeng. 2003, 95, 271–275. [CrossRef]

51. Lee, D.H.; Behera, S.K.; Kim, J.W.; Park, H.-S. Methane production potential of leachate generated from korean food waste
recycling facilities: A lab-scale study. Waste Manag. 2009, 29, 876–882. [CrossRef]

52. Zhang, P.; Chen, Y.; Zhou, Q. Waste activated sludge hydrolysis and short-chain fatty acids accumulation under mesophilic and
thermophilic conditions: Effect of PH. Water Res. 2009, 43, 3735–3742. [CrossRef]

53. Dinamarca, S.; Aroca, G.; Chamy, R.; Guerrero, L. The influence of PH in the hydrolytic stage of anaerobic digestion of the organic
fraction of urban solid waste. Water Sci. Technol. 2003, 48, 249–254. [CrossRef] [PubMed]

54. Fang, H.H.P.; Liu, H. Effect of PH on hydrogen production from glucose by a mixed culture. Bioresour. Technol. 2002, 82, 87–93.
[CrossRef]
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Abstract: The utility of recycling some intensive industries’ waste materials for producing cellular
porous ceramic is the leading aim of this study. To achieve this purpose, ceramic samples were
prepared utilizing both arc furnace slag (AFS) and ceramic sludge, without any addition of pure
chemicals, at 1100 ◦C. A series of nine samples was prepared via increasing AFS percentage over
sludge percentage by 10 wt.% intervals, reaching 10 wt.% sludge and 90 wt.% AFS contents in
the ninth and last batch. The oxide constituents of waste materials were analyzed using XRF. All
synthesized samples were investigated using XRD to detect the precipitated minerals. The developed
phases were β-wollastonite, quartz, gehlenite, parawollastonite and fayalite. The formed crystalline
phases were changed depending on the CaO/SiO2 ratio in the batch composition. Sample morphology
was investigated via scanning electron microscope to identify the porosity of the prepared ceramics.
Porosity, density and electrical properties were measured; it was found that all these properties were
dependent on the composition of starting materials and formed phases. When increasing CaO and
Al2O3 contents, porosity values increased, while increases in MgO and Fe2O3 caused a decrease in
porosity and increases in dielectric constant and electric conductivity. Sintering of selected samples
at different temperatures caused formation of two polymorphic structures of wollastonite, either β-
wollastonite (unstable) or parawollastonite (stable). β-wollastonite transformed into parawollastonite
at elevated temperatures. When increasing the sintering temperature to 1150 ◦C, a small amount of
fayalite phase (Fe2SiO4) was formed. It was noticed that the dielectric measurements of the selected
sintered samples at 1100 ◦C were lower than those recorded when sintering temperatures were
1050 ◦C or 1150 ◦C.

Keywords: industrial wastes; arc furnace slag; ceramic sludge; β-wollastonite; parawollastonite;
porous ceramics

1. Introduction

The growth of industrial waste materials has become a significant public and ecological
problem due to enlarged populations and rising industrialization. Solid waste handling is
one of the most critical environmental issues in many developing countries. Solid waste
is the byproduct of human activities such as the construction, utilization, and sharing of
various resources in the world. Many studies have considered various aspects such as
technology, innovation, recycling of solid waste management in growing and urbanized
countries [1–4].

These wastes present many severe problems related to storage, shipping, and at-
mosphere or environmental pollution. The use of industrial waste in the fabrication of
concrete, building materials, and cement is essential for hindering environmental pollution,
lowering production expenses, and saving energy consumption. Thus, developing many
technologies for recycling such waste is of great importance [5].
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Among all industries, metallurgical industries are significantly costly to operate.
Their byproducts are also the most abundant industrial wastes. The many kinds of waste
products, such as junk, slags, and refractory wastes, make them a major waste-producing
industry. Research by Mukhamedzhanova et al. [6] showed that the addition of accurate
quantities of modifiers to metallurgical wastes could allow for the fabrication of many
kinds of building materials.

Ferrous slag is a main waste byproduct obtained from iron and steel making. Various
investigations have considered the use of iron slag as an economical raw material [7–9].
Many countries are interested in manufacturing construction materials via iron slag recy-
cling. In Italy, 25–40 wt.% iron slag was added to clay to synthesize wall tiles. In South
Africa, iron slag was used (up to 75 wt.%) in batches to obtain floor tiles with a water
absorption ability of approximately 0.2 wt.% and bending strength of 43.8 MPa [10–12].

Arc furnace slag (AFS) is a byproduct of the steelmaking procedure, resulting from the
use of electric arc furnaces, which account for more than 40% of the global steel production.
AFS is created after melting and preliminary acid refining of liquid steel. It is a rocky and
non-rugged material that can be crushed for use as aggregate in concrete batches [13–15].

A basic assumption is that AFS has an excellent prospect for use as a raw material in
ceramic production on account of its aluminosilicate content and the matching of alkali and
alkaline earth ingredients via their fluxing function in a prepared frit outline. These qualities
can assist in the technical procedures of established processing. Ceramic wall and floor
tiles are good candidates for producing controlled porosity bodies. Therefore, it is greatly
successful to manufacture such ceramics through recycling of industrial byproducts [16].

Earlier researchers found that blast furnace slag was primarily anticipated to be an
additive in Portland cement [17]. This was because of its pozzolanic and cementitious
properties. By comparison, AFS does not have these features, and instead has higher iron
content [18]. Pioro et al. [19] recommended that metallurgical slag be used to generate
construction materials such as ceramic tiles. A complete combination of clays and AFS
results in a balanced composition where the most wanted superior properties of tiles may
be obtained by forming anorthite and wollastonite phases [20]. Wollastonite, also known
as calcium silicate (CaSiO3), has been broadly studied due to its enormous applications in
ceramics, dental inserts, structural design, and building, where it is used as a floor material
as an alternative to granite and natural marble [21,22]. The most interesting character of
this material is its ability to produce both curved and flat sheets [23].

Many efforts were made in earlier studies to build ceramic tiles employing 30–40 wt.%
of AFS [18]. Teo et al. [16] established that the use of 40 wt.% AFS was capable of producing
excellent mechanical properties in ceramic tiles [24].

The most widespread waste material produced from ceramic manufacturing is ceramic
sludge. Several familiar artificial ceramics include wall tiles, floor tiles, sanitary ware,
domestic ceramics, and traditional pottery. They are frequently created utilizing natural
materials including clay and minerals. Ceramic wastes are classified into two groups
according to the raw materials used [25]. The first group is wastes created by structural
ceramic industries employing only red pastes for creating blocks, bricks, and roof tiles.
The second category is fired ceramic wastes, which are formed in production of stoneware
ceramic (floor and wall tiles and sanitary ware). Studies have revealed that during ceramic
manufacturing, approximately 30% of the matter is wasted [26,27], and presently these
wastes are not constructively reused, which causes much pollution to the environment. This
indicates the need for research into pioneering methods of reusing ceramic wastes [28,29].
Ceramic sludge typically has high contents of SiO2 and Al2O3 oxides [30].

The recycling of ceramic sludge and electric arc furnace slag to produce ceramic tile
material depends on the reaction between the SiO2 and Al2O3 of the ceramic sludge and
the CaO of AFS, enhancing the properties of ceramic tile by developing calcium-aluminate-
silicate crystals, such as anorthite and wollastonite. Therefore, it is a prominent way to
cancel out the negative effect of iron oxide content in AFS on the densification process.
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This recycling process has many advantages in terms of cleaning the environment, storing
energy, and using sustainable virgin materials [31].

The main goal of this study is to advance the use of two industrial wastes, arc furnace
slag and ceramic sludge, for production of lightweight and porous ceramic materials
that can be used for environmentally friendly construction. To fulfill this goal, ceramic
samples containing parawollastonite, β-wollastonite and gehlenite minerals were prepared
at different sintering temperatures. Microstructural, morphological, electrical, and some
physical properties of those samples were studied.

2. Experimental Techniques

2.1. Batch Calculation and Samples Preparation

Nine ceramic samples were prepared from arc furnace slag (Al-Ezz-Dekheila Iron Steel
Company, Alexandria, Egypt) and ceramic sludge (Ceramica Venezia, Cairo, Egypt). The
arc furnace slag content in their composition varied from 10 wt.% to 90 wt.% at 10 wt.%
intervals, and accordingly, the ceramic sludge content varied from 90 wt.% to 10 wt.%. The
ceramic batches were prepared by calculating the appropriate proportions of arc furnace
slag and ceramic sludge. The required silica and calcium oxide for all compositions were
obtained from silica sand and limestone, respectively. The other minor elements present in
the industrial wastes were considered during batch calculation. X-ray fluorescence (XRF)
was used for chemical analysis of both waste materials (Table 1). The ceramic sample
compositions were calculated based on ceramic sludge percentage with each successive
increase in arc furnace slag percentage. These samples were designated AFS1, AFS2, AFS3,
AFS4, AFS5, AFS6, AFS7, AFS8, and AFS9, as listed in Table 2.

Approximately 10 kg, as representative samples, of arc furnace slag, ceramic sludge,
limestone, and silica sand were collected and crushed into −100 mesh powders. An
adequate representative quantity for all stages of the laboratory investigation was obtained
using the quartering technique. The prepared ceramic batches, after being accurately
weighed to yield approximately 4 g for each sample, were closely dry-mixed in a ball mill
for approximately 40 min until they became utterly homogeneous. Approximately 5%
water was added to each sample as a binder, and then the powder samples were shaped
into cylinders of 40 mm diameter and 4 mm thickness via uniaxial pressing at 20 MPa. The
prepared ceramic batches were dried in an oven at a temperature of 100 ◦C for 24 h and
then sintered at 1100 ◦C for one hour; this is shown in Figure 1. Figure 2 exhibits the visual
appearance of the prepared samples.

Table 1. Chemical analysis of used raw materials.

Oxide
Arc Furnace Slag Ceramic Sludge Limestone Silica Sand

(wt.%)

SiO2 16.09 61.89 0.15 99.2
CaO 38.59 6.58 55.7 0.1

Al2O3 5.24 17.28 0.22 0.28
MgO 14.62 0.9 0.1 trace
Na2O 0.62 1.83 trace trace
BaO 0 0.64 nil trace
MnO 0.74 0.02 nil trace
Fe2O3 10.29 0.99 0.03 0.03
TiO2 0.16 0.74 nil trace
K2O 0.13 1.24 trace trace

L.O.I. 11.15 5.86 44.02 0.4
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Figure 1. Schematic presentation of ceramic production from industrial wastes.

Figure 2. The surface appearance of ceramic samples prepared from industrial wastes after being
treated at 1100 ◦C for 1 h.
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Sample AFS5 was chosen, representing the average composition of all other sam-
ples, to study the effect of different sintering temperatures on the developed phases and
microstructures.

2.2. X-ray Diffraction

The precipitated phases were identified with X-ray diffraction using a Bruker AXA
diffractometer (D8—ADVANCE, Bruker, Germany) with Cu–Ka radiation, operating at
40 Kv, 40 mA, and a scanning rate of 10◦/min.

2.3. Microstructure Photographs

The microstructure of the prepared ceramic samples was investigated utilizing a
scanning electron microscope (SEM: JEOL, XL30, Philips, Amsterdam, Netherlands), which
operated at an acceleration voltage of 20 kV. Each freshly broken sample was coated with a
gold layer on the fracture surface (to reduce any charging effect) in order to observe the
internal microstructure.

2.4. Porosity and Density Measurements

The dimensions, bulk volume (vb), and dry weight (wd) of the prepared samples were
measured directly. For measuring weight and dimensions, a digital balance with 0.1 mg
precision and a highly precise caliper sensitive to 0.01 mm were used, respectively. Then,
the bulk density (ρb) was estimated.

The grain density (ρg) of the studied samples was measured using a helium pycnome-
ter at the ambient conditions. Then, the helium porosity (∅He) was estimated considering
the bulk and grain densities, as follows [32–34]:

∅He (%) = 100 × (ρg − ρb)/ρg (1)

Density measurements were taken five times for each sample, and the average value
was calculated.

2.5. Dielectric and Electric Measurements

For the present samples, the capacitance effect (Cp), electric loss tangent (D), and
electric resistance (Rp) were measured in a parallel series using a computerized LCR
Hitester impedance bridge (IM3536) in the range of 50 Hz–8 MHz at 350 AC frequency
points. Then, the dielectric constant (ε′), dielectric loss (ε′′), imaginary part (M′′) of the
complex electric modulus, and electric conductivity (σ) were estimated as follows:

σ =
L

A × RP
(2)

ε′ = CP × L
A × ε0

(3)

ε′′ = ε′ × D (4)

M′′ = ε′′

ε′2 + ε′′2
(5)

where ε′ is the dielectric constant, Cp is the electric capacitance in parallel, L is the sample
thickness, A is the contact area of the measuring non-polarized electrode, ε′′ is the dielectric
loss, εo is the dielectric constant of the air (8.85 × 10−12 F/m), D is the measured electric
loss tangent (tan δ), RP is the measured electric resistance in parallel, σ is the electric
conductivity, and M′′ is the imaginary electric modulus.

More details on the applied techniques are discussed by many authors [35–37].
For determining the implications of different sintering temperatures on the electric

and dielectric properties of the studied samples, three samples of the same composition

150



Materials 2022, 15, 1112

(50% arc furnace ceramic slag + 50% sludge; AFS5), were sintered at 1050 ◦C, 1100 ◦C, and
1150 ◦C. Then, their density, porosity, and electric and dielectric parameters were measured.

3. Results and Discussions

3.1. X-ray Diffraction Patterns

X-ray diffraction graphs (Figure 3) of investigated ceramic samples AFS1–AFS9, after
sintering at 1100 ◦C for one hour, showed all precipitated phases of the samples. The
major crystalline phases formed were β-wollastonite (CaSiO3) (JCPDS No.29-372), para-
wollastonite (CaSiO3) (JCPDS No.27-88), gehlenite (Ca2Al2SiO7) (JSPDS No.35-755), and
low quartz (SiO2) (JCPDS No.5-0490). Sample AFS1 contained β-wollastonite (CaSiO3) as
the dominant phase with lines at 3.33, 2.96, 3.16, and 3.06 Å. Low quartz (SiO2), which
has distinctive lines 4.23, 3.33, 2.29, and 1.82 Å, represented the second phase. Gehlenite
(CaAl2SiO7) was the third phase with lines at 3.72, 2.85, 2.43, 2.04, and 1.75 Å. Samples
AFS2–AFS4 showed a significant decrease in quartz phase content. In addition, it is noticed
that there was a transformation of β-wollastonite into parawollastonite, as seen through
reduction in line heights at 3.33 and 2.51 Å corresponding to β-wollastonite and increases
in intensity for the main lines of parawollastonite, which are 2.96, 3.16, and 3.83 Å; thus,
parawollastonite was the main phase, and gehlenite was considered the second phase
with small amounts of low quartz. In sample AFS5, β-wollastonite and low quartz phases
reappeared with lines at 3.33, 2.96, 3.16, and 3.06 Å for β-wollastonite and lines at 4.23 3.33,
2.29, and 1.82 Å for low quartz. Sample AFS6 showed the development of gehlenite phase,
which became the main phase with increasing intensities of lines at 2.85, 3.72, 2.43, 2.04, and
1.75 Å. AFS6’s pattern indicated the formation of β-wollastonite and quartz, while samples
AFS7, AFS8, and AFS9 showed development of both low quartz and β-wollastonite phases
and a noticeable decrease in the intensity of gehlenite lines at 3.72, 2.85, 2.43, 2.04, and 1.75 Å.

Through a deep glance at Table 2, it can be found that sample AFS1 contained a
CaO/SiO2 ratio of approximately 0.68, which confirms the X-ray diffraction results. That
accounted for β-wollastonite as a primary phase with low quartz and gehlenite as sec-
ondary phases. For samples AFS2–AFS4, the CaO/SiO2 ratio decreased from 0.63 to 0.50,
corresponding with the transformation of β-wollastonite into parawollastonite. A decrease
in the percentage of low quartz phase and an increase in the percentage of gehlenite were
also noticed in samples AFS2, AFS3, and AFS4. The CaO/SiO2 ratio decreased to 0.41
in sample AFS5, which helped form β-wollastonite and gehlenite as the major phases
and low quartz as secondary phase. For sample AFS6, the CaO/SiO2 ratio increased to
0.51; this led to the formation of gehlenite as the main phase with β-wollastonite and low
quartz as secondary phases. Samples AFS7–AFS9 had nearly the same CaO/SiO2 ratio,
approximately 0.52–0.53, which helped form β-wollastonite as the primary phase with low
quartz as the second phase and gehlenite as the third phase. All the above results indicate
that β-wollastonite (unstable phase) was formed more often than low quartz, with a small
amount of gehlenite. The β-wollastonite phase turned into parawollastonite (stable phase)
when the CaO/SiO2 ratio decreased. The parawollastonite phase was formed with greater
amounts of gehlenite and smaller amounts of low quartz.

The obtained results indicate that a low CaO/SiO2 ratio enhances the formation of
β-wollastonite and low quartz phases but hinders the development of gehlenite phases
(samples AFS7–AFS9). At the same time, increasing the CaO/SiO2 ratio promotes the
formation of parawollastonite and gehlenite phases but hinders the development of the
low quartz phase (samples AFS2–AFS4).

Fan et al. [38] explained that by increasing the CaO/SiO2 ratio, the basicity in-
creases, and consequently, the crystallization of the CaO-Al2O3-MgO-SiO2 system is im-
proved [39,40]. Tabit et al. [41] found that parawollastonite and gehlenite were formed in
samples containing higher calcium oxide percentages.
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Figure 3. The major phases resulting from industrial wastes, determined via XRD after treatment at
1100 ◦C for one hour.

Effect of Sintering Temperatures on Crystalline Phases

AFS5 was chosen to study the effect of sintering temperatures on precipitated phases
and resulting physical properties, because it represents the mean composition of all the
examined samples. The studied sintering temperatures were 1050, 1100, and 1150 ◦C, all for
one hour. Figure 4 shows that, after sintering at 1050 ◦C, β-wollastonite (CaSiO3) became
a primary phase with its characteristic lines at 3.33, 2.967, and 2.51 Å. Low quartz (SiO2)
was the second phase, with its distinctive lines at 4.24, 3.33, and 2.46 Å, and gehlenite
(Ca2Al2SiO7) was the third phase, with its characteristic lines at 3.74, 3.17, and 2.84 Å.
When the temperature was raised to 1100 ◦C, the gehlenite lines decreased, evident in the
mainline 2.84 Å. In addition, β-wollastonite began to convert into parawollastonite. This
transformation is demonstrated by the increasing intensity of the line at 2.96 Å and the
decreasing intensity of the β-wollastonite line at 3.33 Å. Upon raising the temperature
to 1150 ◦C, β-wollastonite transformed into parawollastonite, which is evident from the
decreased intensity of its line at 3.33 Å and increased intensity of the parawollastonite line
at approximately 2.97 Å. Gehlenite wholly disappeared, as its distinctive line at 2.84 Å
vanished. This increase in sintering temperatures promoted the formation of the fayalite
(Fe2SiO4) phase. These results agree with Edrees et al. [42], who showed that β-wollastonite
is an unstable phase at lower temperatures and turns into parawollastonite (stable phase)
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at higher temperatures. Ismail et al. [43] found that wollastonite has the property of
a polymorphic structure, whether as β-wollastonite (unstable) or parawollastonite (sta-
ble). β-wollastonite turns into an independent parawollastonite at high temperatures.
Qin et al. [44] also showed that gehlenite was formed with wollastonite and disappeared at
high temperatures (1125 ◦C). The effect of the CaO/SiO2 ratio on the phase transformation
of anorthite, based on steel slag and fly ash, was studied by Tabit et al. [41]. They deduced
that the gehlenite phase was precipitated at 1100 ◦C.

Figure 4. X-ray diffraction patterns of AFS5 samples after sintering at different temperatures for one hour.

3.2. Morphology Studies

Figure 5 presents SEM photographs at different magnifications of the fractured sam-
ples AFS1–AFS8 after heat treatment at 1100 ◦C. It can be observed from the figure that
all ceramic samples possessed porous structures, and there were wide variations in the
pore size distribution (the pore diameter ranged from 4 to 80 μm) and shape. Circular and
irregular pore outlines were noticed in all ceramic samples. Moreover, closed and intercon-
nected pores are apparent in the photos. Porosity decreased and density increased with
increases in arc furnace slag (AFS) weight, as is confirmed from the porosity percentage
results (decreasing from 41% for AFS1 to 28% for AFS8), and the increasing density of
wall pores (Figure 5). This can be attributed to the decrease in CaO and increase in MgO.
As MgO molecules are smaller than CaO molecules, this caused a decrease in liquidus
temperature, as reported in a previous study [45]. In addition, decreasing Al2O3 content
caused a decrease in the liquidus temperature of the ceramic particles. When Al2O3 content
increases, the amount of nonbridging oxygens (NBOs) decreases and consequently, Al–O–Si
bonds form and raise viscosity values [46]. This decrease in liquidus temperature leads to
more condensed ceramic samples with lower porosity. Moreover, columnar and tabular
crystals, which are the characteristic structures of wollastonite crystals, were noticed.
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Figure 5. SEM images at different magnifications of microstructures of the investigated samples after
treatment at 1100 ◦C for 1 h.
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Effect of Sintering Temperatures on Ceramic Morphology

The applied sintering temperatures for ceramic materials affect properties such as
porosity, density, and microstructure. Accordingly, different sintering temperatures were
applied on AFS5 to determine the optimum conditions for producing such ceramic. The
sample was heat-treated at 1050 ◦C, 1100 ◦C, and 1150 ◦C at a constant time (Figure 6). As
shown from the figure, an increase in sintering temperature from 1050 ◦C to 1100 ◦C led to a
denser and more compact structure. This could be due to the formation of well-developed,
dense, and long wollastonite crystals. Upon raising the sintering temperature to 1150 ◦C,
a slight change in microstructure was noticed. This increase in temperature caused the
appearance of new rod-shaped crystals with a minor increase in the porous structure and a
loss of tiny pores. This might be because of the disappearance of the gehlenite phase and the
formation of the fayalite phase, as well as due to the transformation of the β-wollastonite
(triclinic) structure into the parawollastonite (monoclinic) structure.

Figure 6. SEM images at different magnifications of microstructures of AFS5 ceramic sample after
treatment at 1050 ◦C, 1100 ◦C, and 1150 ◦C.

3.3. Porosity and Density Studies

The prepared samples are considered highly porous materials with very high helium
porosity values (∅He) and shallow bulk density values (ρb) (Table 3 and Figure 7). The
lowest density values were primarily assigned to the first four samples AFS1–AFS4 and
the ninth sample AFS9, which consisted primarily of monoclinic wollastonite, CaSiO3,
ρg = 2.86–3.09 g/cm3, [47] and gehlenite, Ca2Al2SiO7, ρg = 3.04 g/cm3 [48], with some
quartz content, SiO2, ρg = 2.62–2.65 g/cm3 [49] (Table 3).
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Table 3. Main resulting phases and values of porosity and density for the investigated ceramic
samples after being treated at 1100 ◦C for 1 h.

Sample No. Density g/cm3 Porosity% Phases Developed

AFS 1 1.896 41.12 β-woll., Geh., QZ-low
AFS 2 1.906 40.14 Parawoll., Geh., QZ-low
AFS 3 1.875 38.87 Parawoll., Geh., QZ- low
AFS 4 1.824 41.66 Parawoll., Geh., QZ-low
AFS5 2.01 31.16 β-woll., Geh., QZ-low
AFS 6 2.211 29.4 Geh., β-woll., QZ-low
AFS 7 2.203 29 β-woll, Geh., QZ-low
AFS 8 2.106 28.41 β-woll., Geh., QZ-low
AFS 9 1.798 47.26 β-woll., Geh., QZ-low

Parawoll. = parawollastonite, β-woll. = β-wollastonite, Geh. = gehlenite, Qz-low = low quartz.

Figure 7. Plot showing the inverse proportional relationship between the bulk density (ρb) and the
helium porosity (∅He) of the AFS samples, and the frequency bars and broken line distribution. Open
circle represents sample AFS9, which was removed from processing due to its abnormal porosity value.

The inverse proportional relationship between bulk density and porosity (Figure 7) is
due to the high dependence of pore volume and grain density on the principal components of
the material. In general, the porosity values decreased from AFS1 to AFS8 (with an exception
for sample AFS4). Sample AFS9 showed an increase in porosity value. Therefore, porosity
decreased as arc furnace slag content increased from 10% to 80%, in samples AFS1 and AFS8,
respectively (Table 2, Figure 7). ∅He can be estimated as a function of the bulk density and
the arc furnace slag content, based on two mathematical models, as shown in Figure 7.
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Effect of Sintering Temperatures on Porosity and Density Values

The implication of sintering temperatures on porosity was checked for sample AFS5,
characterized by a median ratio of arc furnace slag to ceramic sludge (50% for each).
Porosity decreased with increasing sintering temperature, which was due to the increasing
crystallization grade and crystal size with increasing temperatures (Table 4).

Table 4. Effect of sintering temperatures on density, porosity and phases developed for sample AFS5.

Sintering Temperatures Density g/cm3 Porosity (%) Phases Developed

1050 ◦C 1.691 43.98 Parawoll.,Geh., QZ-low

1100 ◦C 2.010 31.16 β-woll., Geh., QZ-low

1150 ◦C 1.990 33.36 Parawoll, Fay., QZ-low
Parawoll. = parawollastonite, β-woll. = β-wollastonite, Geh. = gehlenite, Fay. = Faylite, Qz-low = low quartz.

Table 4 exhibits the porosity and density results of sample AFS5 after sintering at
different temperatures, along with the precipitated phases at each temperature. This table
shows that porosity decreased upon increasing the sintering temperature from 1050 ◦C
to 1100 ◦C. This was because of the increase in compactness of the well-sintered sample.
However, when sintering temperature was increased to 1150 ◦C, a slight increase in porosity
and decrease in density was found, which can be explained by the transformation of β-
wollastonite into parawollastonite as well as due to the complete vanishing of gehlenite.
Although the fayalite phase with its high density value, 4.39 [50], was precipitated, the
density of AFS5 sample decreased after sintering at 1150 ◦C. This may be due to its low
content in the sample.

3.4. Electric and Dielectric Properties

The dielectric constant values (ε’) of the AFS samples fluctuated between 6.324 for
sample AFS2 at 8 MHz and 11.988 for sample AFS8 at 50 Hz (Figure 8), while the electric
conductivity values (σ) varied from 0.0105 μS/cm for sample AFS1 at 50 Hz to 43.57 μS/cm
for sample AFS8 at 8 MHz (Figure 9). Based on the ε’ values, the AFS samples can be
grouped in descending order into two groups: group 1 (AFS8, AFS9, AFS7, AFS5, AFS6
samples) and group 2 (AFS3, AFS4, AFS1, AFS2 samples), as can be seen in Figure 8.
The dielectric constant decreased with increasing applied AC frequency, while electric
conductivity increased dramatically with increasing AC frequency, a common behavior
recorded by many authors [35,36,51]. Following Nabawy and Rochette [38], the increase
in conductivity with increasing frequency passes through three stages: (A) a steady stage
with negligible increase in σ, (B) a transitional stage, and (C) a last stage with a dramatic
increase in σ (Figure 9).

The imaginary electric modulus for samples AFS4, AFS2, and AFS1 was relatively
high at 50 Hz (0.1388–0.0145), whereas it was lower for the other samples with different
slopes, causing an inflection point in the frequency range of 2.5–3.0 MHz (Figure 10).
These different dipolar relaxations were attributed to different relaxations for ε’ and ε”
at higher frequencies and to the crystal surfaces, which become more active at higher
frequencies [52–55].

Based on the σ classification of Khater et al. [35,36], differentiation of σ values is
difficult at low frequency values (σ = 0.01–0.181 μS/cm, f < 1500 kHz, Figure 9) and
refers to poor semiconductors (0.01–1.0 μS/cm, Khater et al. [35,36]), whereas σ values
are higher at high frequency values (σ = 0.181–43.57 μS/cm, f ≥ 1500 kHz) referring to
poor (0.01–1.0 μS/cm) to fair semiconductors (1.0–1000 μS/cm, Khater et al. [35,36]). The
measured electric and dielectric parameters are presented graphically as a function of the
AC frequency in Figures 8–10.
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Figure 8. Plotting the dielectric constant of the samples versus the applied frequency.

Figure 9. Plotting the electric conductivity of the samples versus the applied frequency.
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Figure 10. Plotting the imaginary part of the complex electric modulus of the samples versus the
applied frequency.

Effect of Sintering Temperatures on Electric Properties

Increases in the crystallization grade were the primary variable affecting the electric
and dielectric properties of sample AFS5, as shown in Figure 11. It is indicated that the
crystal size was smaller for AFS5 sintered at 1050 ◦C. At 1100 ◦C, the crystal size was
well-developed with reduced pore volume, which caused a decrease in the electric and
dielectric parameters. Sintering at this temperature enhanced dielectric properties, such
that it could be considered a more appropriate semiconductor material than the samples
sintered at 1050 ◦C and 1150 ◦C (Figure 11).

3.5. Implication of Waste Composition on Pore Volume

The incremental increase in CaO and Al2O3 fractions was accompanied by increasing
porosity values, while MgO and Fe2O3 contents were inversely related to the porosity
values. The impact of increasing SiO2 content acted somewhat inversely upon the porosity
values (Table 3, Figure 12). Consequently, the decreasing sludge content from AFS1 to AFS9
was responsible for the decreasing pore volume of the studied samples (Tables 2 and 3).
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Figure 11. Effect of sintering temperature (1050–1150 ◦C) of AFS5 on the measured dielectric constant
and electric conductivity plotted versus the applied frequency.
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Figure 12. Plotting the main oxide composition versus the incremental percentages of porosity.

3.6. Implication of Waste Composition on Electric Properties

The waste composition of prepared ceramic samples impacted their electric activities.
Electric conductivity and capacitance were primarily affected by the arc furnace slag content
in an incremental increase from the AFS1 to the AFS9 samples (10–90%, respectively).
Based on their dielectric and electric parameters, the AFS samples could be clustered into
two groups, AFS1–AFS4 and AFS5–AFS9. These groups may be differentiated by the
higher porosity values for the first group (41.12–41.66%) compared to the second group
(31.16–47.26%, Table 3). This could be attributed to higher contents of CaO (32.73–23.79%)
and Al2O3 (13.42–13.61%) in the first group (AFS1–AFS4) than the second one (Table 2).

Likewise, based on the dielectric constant values, the arc furnace slag–sludge mixtures
could be clustered into two sample groups; the first one (AFS5–AFS9) was characterized by
higher ε’ and σ and lower M” than the second (AFS1–AFS4) (Figures 8–10). This could be
attributed to the relatively high contents of Fe2O3 and MgO in samples AFS5–AFS9 and
the relatively low contents of CaO and Al2O3 in these samples (Table 2).

3.7. Implications of Crystal Size and Pore Volume on Electric and Dielectric Properties

The crystal size had a direct effect on the electrical activity of the charged materials.
Larger crystal sizes result in reduced surface area and, therefore, less polarized charged
surfaces. For samples AFS5–AFS9, the crystals seemed to be well developed, as shown in
Figure 5, while for samples AFS1–AFS4, the crystals had a lower surface area.

By contrast, porosity (∅ in%) is a complementary component of the crystal’s volume
(equal to 100–∅ in%), i.e., it has indirect effects on the studied samples [34,52,53]. Porosity is
considered an additional parameter that controls the electrical polarization and conductivity
of samples. High porosity means lower grain volume and less polarized surfaces, and
vice versa. Samples AFS5-AFS8 had porosity values lower than the remaining samples. In
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addition, they were characterized by higher ε’ and σ (measured at 4.0 MHz as a midway
frequency value), which are inversely related to the porosity values (Figure 13).

Figure 13. Dielectric constant (ε’) and electric conductivity (σ) versus helium porosity (∅He). Sample
AFS9 (open circle) was removed from statistical processing.

3.8. Industrial Applications

The highly porous nature of the studied ceramic samples, as produced from both
arc furnace slag and sludge waste mixtures, suits them for creation of building materials
such as wall tiles. The relatively low electric conductivity, imaginary electric modulus, and
dielectric constant values of the studied samples indicate their applications as poor to fair
semiconductors (at 50 Hz and higher frequencies). The increasing iron oxide content with
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increasing arc furnace slag percentages (from 1.6% for AFS1 to 7.04% for AFS9) reduces the
possibility of this application by increasing electric activity. In addition, the presence of
certain impurities in these samples increases their ability to conduct electric charges on the
order of μS (Khater et al., 2019, 2020, Dimitrijev, 2011) [35,36,56].

From an economic point of view, lightweight porous ceramic prepared from recycling
hazardous waste materials tends to cost less than porcelain and is much lighter. It is often
used for wall and ceiling installations. However, there are some significant restrictions
with this material: it is not as strong as porcelain, so it does not make the best walking
surface; it can be freezing underfoot in the winter; and heavy tile can be challenging to
install. Therefore, this kind of ceramic is a good candidate for wall tile applications.

Porous ceramic wall tile bodies, whose microstructure and composition differ entirely
from those of porcelain bodies (higher porosity and smaller glassy phase content), can
be incredibly affordable and widely used worldwide. All these requirements are highly
fulfilled in this work through the recycling of both electric arc furnace slag and ceramic
sludge waste.

In this work, cleaning the environment from industrial waste byproducts was our first
goal. The production of lightweight ceramic materials via a low energy consuming process
to improve our environment and reduce the headache caused by global warming was our
second target.

4. Conclusions

1. Cleaning the environment via waste management of nonrenewable products is very
important for our daily life. In the present work, lightweight porous ceramic materials
composed of wollastonite (β-wollastonite or parawollastonite), gehlenite and low
quartz phases were successfully prepared through recycling two industrial wastes,
i.e., arc furnace slag and ceramic sludge. The recycling process consumed little energy,
and therefore can be easily applied on pilot and industrial scales.

2. The formed phases depended on the CaO/SiO2 ratio in both waste materials. Lower
CaO/SiO2 content led to the formation of β-wollastonite and quartz phases with
small amounts of the gehlenite phase. A higher CaO/SiO2 ratio led to the formation
of parawollastonite and gehlenite phases but hindered the development of the low
quartz phase.

3. By applying different sintering temperatures to a selected sample (AFS5), it was found
that both polymorphic structures of wollastonite were formed, either β-wollastonite
(unstable) or parawollastonite (stable). β-wollastonite was converted into parawollas-
tonite at high temperatures. By increasing the sintering temperature to 1150 ◦C, traces
of the fayalite phase (Fe2SiO4) developed.

4. The porosity of the prepared materials was affected by sintering temperatures. The
higher the temperature, the lower the porosity, due to the formation of a compacted
microstructure.

5. The porosity, density and electrical properties of prepared materials depended on the
composition of starting materials and formed phases. Increases in CaO and Al2O3
was accompanied by increasing porosity, while increases in MgO and Fe2O3 led to
decreasing porosity and increasing dielectric constant and electric conductivity.

6. The selected sample sintered at 1100 ◦C exhibited lower dielectric parameters than
those sintered at 1050 ◦C and 1150 ◦C.
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Abstract: In many countries, apple pomace (AP) is one of the most produced types of agri-food waste
(globally, it is produced at a rate of ~4 million tons/year). If not managed properly, such bio-organic
waste can cause serious pollution of the natural environment and public health hazards, mainly
due to the risk of microbial contamination. This review shows that AP can be successfully reused
in different industrial sectors—for example, as a source of energy and bio-materials—according to
the idea of sustainable development. The recovered active compounds from AP can be applied as
preservatives, antioxidants, anti-corrosion agents, wood protectors or biopolymers. Raw or processed
forms of AP can also be considered as feedstocks for various bioenergy applications such as the
production of intermediate bioenergy carriers (e.g., biogas and pyrolysis oil), and materials (e.g.,
biochar and activated carbon). In the future, AP and its active ingredients can be of great use due to
their non-toxicity, biodegradability and biocompatibility. Given the increasing mass of produced AP,
the commercial applications of AP could have a huge economic impact in the future.

Keywords: waste management; sustainability development; apple pomace; active compounds;
extraction; renewable energy; anticorrosion agents; biopolymers

1. Introduction

Effective waste management is one of the greatest environmental challenges the
world is facing today. Technological advancement, economic development, urbanization,
population growth and consumer habits have significantly contributed to a rapid increase
in waste generation. Moreover, there are no signs of deceleration of this trend in the
near future [1,2]. The 2018 edition of What a Waste 2.0: A Global Snapshot of Solid Waste
Management to 2050 estimated that the global municipal solid waste production will be
2.01 billion tons per year, and is projected to grow to 3.4 billion tons per year by 2050. The
largest amount of waste (approximately 44% of the total amount of waste generated in
the world) is food and green waste [3]. Among them, large groups are by-products of
the fruit processing industries, such as the apple juice industry, the disposal of the major
by-products of which (i.e., apple pomace—AP) can pose serious environmental problems
or even public health hazards if incinerated and/or dumped [4]. The global production
of AP is estimated at an average of 4 million/year and is expected to have an increase in
the future. Unfortunately, the recovery rate of AP is quite low and insufficient. The most
commonly applied disposal method for AP is to discard it directly to the soil in a landfill. It
may cause serious soil and water pollution because AP is rich in water (>70%), sugars and
organic acids, which are susceptible to fast microbial fermentation. The growth in microbial
flora may decrease available nitrogen in the soil and affect the C/N ratio. Moreover, some
authors mention the potential toxicity of AP because apple seeds contain a cyanogenic
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glycoside, amygdalin. However, it is unlikely to cause acute cyanide poisoning in humans
because this would require the consumption of 800 g of AP [5].

Therefore, safe and efficient treatment and utilization of AP is required to reduce the
possible environmental and health problems. Taking into account the huge amount of
produced AP, the commercial applications of AP can create, in the future, great economic
impacts. So far, different extraction methods that recover active substances from the AP
have been applied. These active substances can later be applied as preservatives, antioxi-
dants or anticorrosion agents used in, e.g., construction, civil engineering, environmental
engineering and many other sectors (Figure 1). One of the basic techniques used to isolate
the active compounds from materials of plant origin is classical extraction. In recent years,
considerable attention has been given to the development of extraction methods that will
be both efficient and environmentally friendly, e.g., limiting the amounts of solvent used
or favouring energy efficiency [6]. Raw AP or the solid extraction by-products can also be
utilised as a feedstock for the production of various types of intermediate bioenergy carri-
ers in liquid, solid or gaseous forms, i.e., bioethanol, biodiesel, biomethane [7], biogas [8],
biochar [9] or raw material for batteries [10]. Replacing traditional fossil fuels (FF) with
AP-originated biofuels may reduce some undesirable aspects relegated to the production
and use of FF, including emissions of greenhouse gases (GHG) (e.g., carbon dioxide (CO2)
and nitrous oxide (N2O)), which contribute to serious environmental and health problems,
and exhaustible resource depletion [11]. AP can also be a potential source of substances
for the production of non-toxic and environmentally friendly biopolymers. The literature
showed that AP-derived biopolymers were used for the production of biodegradable films,
packaging materials, cups, plates and 3D objects [12,13].

Figure 1. Application of apple pomace in production of green, non-toxic and biodegradable products
with applications in construction and building.

Currently, due to poor waste management and a lack of environmental awareness
in many countries, a large amount of apple pomace is treated as waste with no economic
value. Besides, there are some technical limitations affiliated with the effective utiliza-
tion of apple waste, such as the requirement of immediate treatment after obtaining it
(e.g., by drying); this is important to prevent the excessive growth of microorganisms
(microbiological contamination), and hence, the loss of overall economic value [14]. To
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foster sustainability, AP should be treated as a valuable raw material that can be reused
or processed. In our work, the sustainable management of AP is based on the recovery
and utilization of apple waste, which creates a possibility to reuse it and put it back into
the supply chain. Green extraction techniques allow the obtaining of AP extracts that
are rich in active compounds in an eco-friendly manner. The solid residues generated
during extraction can be stabilised and further transformed into, e.g., alternative energy
sources or biopolymers with zero waste. Therefore, sustainable AP management gives
the opportunities for reducing environmental pollution and increasing integration into
a circular economy [15]. This review presents the scale of AP production, and possible
means of its utilization as a source of active compounds and biopolymers, a feedstock for
the production of biofuels, and as a source of raw materials that can be utilised in different
industrial sectors including the construction and building industry sector, the energy sector,
and food or material industries.

Apple and Apple Pomace Production in Poland and the World

According to the statistics, apples took third place (after bananas and watermelons),
in 2019, in the terms of the popularity of fresh fruits in the world [16]. In that specific year,
about 87.24 million metric tons of apples were produced worldwide (Figure 2). Poland
is one of the largest producers of apples in the world (next to China, the United States
and Turkey). From 2010 to 2018, the annual production of apples in Poland ranged from
1.877 to 3.9 million tons [16,17]. It is estimated that about 50% of all apples produced in
Poland are processed for the production of apple juice concentrate [18]. Literature data
show that 25–30 wt.% of the fresh apple used in the production of juice is a fruit by-product
(i.e., apple pomace), which is considered a post-industrial organic waste [19]. Based on
these facts, it can be calculated that about 0.5 million tons of AP were generated in Poland
in 2018. For comparison, a neighbouring country, Germany, produces half as much AP
(0.25 million tons/year) [20]. The literature shows that the largest apple producer, China,
generates more than one million tons of apple pomace annually [21]. Countries such as
New Zealand, Spain and Brazil are characterised by small amounts of generated apple juice
by-products (from about 20,000 to 13,750 tons per year) [20]. Global apple production has
reached over 87 million tons/year, resulting in 3.915–4.698 million AP (in 2019). Taking into
account the fact that the production of 1 litre of apple juice requires about 1.6 kg of apples,
0.40–0.48 kg of AP is produced depending on the apple variety and processing type [22].

 

0 20 40 60 80 100 120
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Global production, in million metric tons

Figure 2. Global-scale production of the most popular fruits in 2019 [16].

A report published by the Food and Agriculture Organization of the United Nations
(FAO) indicates that approximately 33.3% (1.6 billion tons) of the food produced worldwide
for human consumption is wasted each year [23]. High standards of product quality are
required to attract consumers, and hence, the exclusion of the foods lower product quality is
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one of the major reasons. This problem particularly affects developed countries, including
China, Japan, EU countries, Canada and the USA [24]. Such large losses pose a serious
threat to the status of food security, the natural environment and the economy.

Fruits, including apples, that deviate from the imposed standards, for example in
terms of size and visual elements (colour intensity, discolouration, skin elasticity, defects:
bruises, rots) are often discarded by producers, consumers and retailers [25]. It is estimated
that approximately 3.7 trillion apples end up in landfills each year [26]. Furthermore,
such a waste of food and improper AP waste management causes huge losses of water,
land, fertilizer, energy, labour and capital, which are economically unprofitable [24,27].
The amount of generated AP will increase each year due to the growing production of
apples in orchards and the increased demand for processed products (juices, concentrates,
jams and purees). To avoid the abovementioned problems, it is necessary to introduce
economically viable pathways for waste apples and AP, so that they could be further
processed into valuable products. Indeed, the cost-effectiveness of such pathways depends
on the amount of waste generated/collected, the need for additional storage space and
appropriate equipment (wet apple pomace require immediate processing due to high
humidity) and related costs for transportation [28].

In this paper, we suggest a number of strategies to reuse the waste originating from
apples. Indeed, fresh apples can also be treated as waste and used as renewable feedstocks
in many industries, but this review focuses only on the use of AP produced by apple
processing processes. In our opinion, AP should be reused according to the principles of
the circular economy.

2. The Recovery from Apple Pomace Dried and Powder

2.1. The Pretreatment of Apple Pomace
2.1.1. Biofuels

Due to serious concerns affiliated with climate change, the shift from fossil-based en-
ergy production options to various renewable-based alternatives has been a trending topic
in the world. The most common renewable energy sources are wind, solar, hydropower,
tidal, geothermal and biomass [29]. The latter involves organic materials such as agri-
cultural residues, forestry residues, agri-food industry by-products (e.g., apple pomace),
animal wastes, etc. Through various mechanical, biochemical or thermochemical processes,
biomass can be transformed into fuels and/or fuel intermediates in solid (e.g., biochar), liq-
uid (e.g., bioethanol, pyrolysis oil, etc.) and gaseous (e.g., biogas/biomethane, etc.) forms.
Up to 80% of the organic matter in the pomace can be transformed into biofuel with an
energy value of 10–30 W·m−3 [30]. Generally, production residues from the food industry
are characterised by a low concentration of heavy metals and are good raw materials for
biofuel production [31]. AP is rich in fermentable sugars (for example, it has contents
of 19.2% fructose and 1.0% sucrose [32]) and is characterised by a low concentration of
heavy metals; therefore it could be applied alone as a raw material for biofuel production.
However, in practice, installations that use a mixture of several substrates are the most
often used. Diversification of substrates favours the obtaining of better biofuel parameters
and increases the safety of raw material supplies. Co-fermentation increases the efficiency
of the process while reducing the costs incurred by the biogas plant for the purchase of
raw material. Batches for energy production should be selected on account of, e.g., the
maximization of energy yields, the stability of the fermentation process and the possibility
of using the post-fermentation mass. In the study of Olech et al., the results of the analysis
of the fermentation medium made of corn silage and apple pomace (in a proportion of
50/50%) showed that the highest methane generation was 61% [8]. The sample efficiency
achieved a value of 4460 Nml. It was also demonstrated that olive and apple pomace are
good co-substrate in the fermentation of cow slime (excrement) [33].
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Bioethanol

Bioethanol (ethyl alcohol) is used as an eco-friendly fuel, most often as an additive
to gasoline. It is obtained through the anaerobic fermentation of carbohydrates [34]. This
process requires a proper pretreatment of the biomass feedstock (e.g., fruits) allowing the
release of simple sugars (glucose, xylose, galactose, etc.) contained in cellulose and hemi-
cellulose. This way, a hydrolysate rich in hexose and pentose sugars can be obtained [7]. In
the case of anaerobic fermentation of the apple wastes, it is essential to choose an adequate
bacterial strain to deal with a wide variety of sugars that are initially present in lignocellu-
losic hydrolysates. In addition to the commonly used yeast, Saccharomyces cerevisiae, there
are references in the literature concerning the use of alternative microorganisms such as
Zymomonas mobilis, Kluyveromyces marxianus, Kluyveromyces lactis or Lachancea thermotolerans
for lignocellulosic biomasses such as apple pomace [7,35]. For example, the potential of
apple pomace as a feedstock for bioethanol production was demonstrated in a recent study
by Molinuevo-Salces et al. [7]. In their research, scientists assessed the effectiveness of
selected bacterial strains on the amount of bioethanol produced from the hydrolysate of
dry apple pomace obtained after juice extraction. The results showed that the highest
bioethanol concentrations were obtained by testing Kluyveromyces sp. and Lachancea sp.
(between 49.9 and 51.5 g L−1). Total sugar consumption was in the range of 74.5 and 80.0,
with bioethanol yields from 0.402 to 0.444 g g−1 [7]. In the work of Demiray et al. [36], the
influence of a cheap additive—soluble soy protein (at different concentrations: 20, 40, 80,
160 mg/g cellulose)—on enzymatic hydrolysis of AP was investigated. The results showed
that the addition of 80 mg/g cellulose soluble soy protein to AP medium hydrolysed with
60 FPU (Filter Paper Units; enzyme concentration) increased the sugar (by 24.8%) and
bioethanol concentration (by 8.28% in the case of Saccharomyces cerevisiae, and by 20.9% for
Kluyveromyces marxianus), which makes the bioethanol production from AP process more
efficient and still economical [36]. Kut et al. [37], for the first time, conducted the enzymatic
hydrolysis of the liquid fraction of AP for the production of bioethanol using a pentose
fermenter yeast, namely Pichia stipitis. The results of their research indicate that with a
properly optimised process (10% (w/v) AP loading), about 84.1% of the theoretical ethanol
yield can be obtained [37].

Biogas

Another type of alternative biofuel in gaseous form, biogas, is produced via a sequence
of low temperature (ca. between 30 and 60 ◦C) processes by which certain microorganisms
break down degradable biomaterials in the absence of oxygen. The produced gas mixture
consists predominantly of methane (CH4) and carbon dioxide (CO2) with volumes of
about 40–75% and 15–60%, respectively [38]. The production of biogas is not completely
free of GHG, but research is underway to reduce the concentration of CO2 in biogas [39];
this increases the energy content of the final gas mixture and would result in increased
levels of biomethane. Moreover, photosynthetic plants can absorb the CO2 released via
biogas combustion, which results in the emission of less total atmospheric carbon than the
classical combustion of coal [38]. In the last decades, the extensive amounts of globally
generated apple wastes have received interest in terms of the exploration of their potential
as a co-substrate to valorise biofuel production. For example, Olech et al. [8] showed that
the anaerobic digestion medium made of apple pomace and corn silage (in the organic
mass proportion of 50 to 50%) achieved a satisfactory level of methane yield (about 40%)
on the third day of fermentation. The highest daily biogas yield was obtained on the ninth
day of measurement and amounted to 4460 Nml [8]. In addition, after processing the fruit
residues (with negligible heavy metal content) in biogas production, nutrient-rich organic
fertiliser can be obtained [11]. In the study of Claes et al. [40], the influence of biochar
and graphene (carbon-based conductive materials) and trace metals supplementation on
biogas production from AP was investigated. The results of their study showed that this
supplementation significantly improved the biogas production from the AP. At a COD
(chemical oxygen demand) concentration of 6000 mg/mL, the addition of (a) trace metals,
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(b) biochar and (c) trace metals and biochar, increased the production of biogas by 7.2%,
13.3% and 22.7%, respectively, compared to the control (without supplementation). At a
COD concentration of 12 mg/mL, the greatest changes in biogas production were observed
for graphene supplementation (increase by 27.8% in comparison with the control). More-
over, in most cases, supplementation also improved the methane yield. In this study, the
highest obtained CH4 yield (increased by 23.0% in comparison with control) was observed
in a case of the reactor supplemented with biochar and trace metals (COD = 6000 mg/mL)
(468.0 ± 3.6 mL CH4/g vs. and 286.0 ± 6.2 mL CH4/g COD) [40].

Biochar

Pyrolysis is a thermochemical process in which the organic material is decomposed
into liquid (pyrolysis oil), solid (char) and gaseous (CO2, H2, CO, CH4) products. The
process is carried out at moderate-to-high temperatures ranging from 300 ◦C to 650 ◦C
and in the complete absence of oxygen. The type and particle size of biomass used, the
heating rate and the residence times of, for instance, the feedstock and the generated
primary pyrolysis vapours, are the major parameters that affect the performance and
outcome of the pyrolysis process. The successful optimization of such process parameters
determines the quantity, composition and quality of the products of the process [41,42].
There are several reports in the literature on AP pyrolysis (Table 1) [9,43–45]. In the work
of Kosakowski et al. [43], the rapid pyrolysis of agricultural waste biomass (including AP)
resulted in obtaining biochar characterised by higher combustion heat and calorific values
than the biomass used [43]. Guerrero et al. [44] investigated the optimal conditions for the
slow pyrolysis of AP for the production of gaseous products that can be used as a feedstock
for the production of H2 [44]. Zhang et al. [45] used the biochar obtained in the AP pyrolysis
process to create magnetic biochar that could effectively enrich the low concentration of
Ag(I) ions in effluents [45]. Xu et al. [9] investigated the effect of the temperature and the
type of biomass used on the production of biochar. The results showed that grape residues
produced the highest biochar yield, while AP produced the least biochar [9]. According
to Table 1, the biochar resulting from the pyrolysis/carbonization of AP had a net caloric
value of between 25 and 31 MJ/kg. For comparison, a net value of good-quality milled
coal, e.g., eco peat coal, is in the range of 24–26 MJ/kg [45].
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2.1.2. Sodium-Ion Batteries

Recently, there have been several reports published in the literature concerning the use
of hard carbon (HC), obtained from fruit wastes and fruit peels, as an abundant and low-
cost material for the production of sodium-ion batteries (SIBs) [10,46–51]. SIBs are cheap
and environmentally friendly energy storage tools that are alternatives to the frequently
used lithium-ion batteries (LIBs). Moreover, the vast abundance of sodium resources (the
sixth most abundant element in the world) compared to the limited abundance of lithium
and other elements commonly used in batteries, e.g., copper or nickel, also contribute to
an increasing amount of research work being published [52,53]. In LIBs, graphite is used
as an anode (negative electrode) material, while in SIBs, graphite is thermodynamically
unstable with sodium ions [54]. A work published by Stevens and Dahn in the year
2000 [55] started the interest in hard carbon materials as potential anode materials for SIBs.
In their work, the scientists demonstrated that this type of anode delivered a reversible
capacity of 300 mAh·g−1, close to that obtained for graphite in LIBs (372 mAh·g−1) [55].
Hard carbon is usually prepared by the pyrolysis of organic precursors (most often from
vegetable biomass, coal or petroleum) at temperatures between 1000 ◦C and 1500 ◦C,
depending on the type of feedstock [56]. There are also some recent literature reports on
the use of fruit waste as a source of hard carbon in SIBs. For example, in the study of
Wu et al. [10], the electrochemical properties of apple waste-derived hard carbon electrodes
were reported. Material for the electrodes (hard carbon) was obtained by a two-step
dehydration process of wild apples followed by heat treatment (at 1100 ◦C) under an
argon atmosphere. Then, the hard carbon electrodes (with a final composition of 80 wt.%
HC) were prepared. The obtained electrodes demonstrated a very stable capacity of
around 245 mAh·g−1 (at current rates of 0.1C) with full retention after 80 cycles, and good
long-term cycling stability (1000 cycles at 5C). Moreover, the HC electrodes showed a
promising rate capability with 112 mAh·g−1 at 5C [10]. Another study, conducted by
Dou et al. [46], showed that pectin-free apple pomace waste-derived HC have a good
overall performance during the galvanostatic long-term cycling at 0.1C (the capacity was
around 285 mAh·g−1 after 230 cycles). Moreover, the specific capacities at 1.0–0.12 V
(slope) and 0.12–0.02 V (plateau) (at 0.1C) during the fifth discharge were recorded. The
obtained HC in the slope-like region showed a capacity of 110 mAh·g−1, while in the
plateau region, a capacity of 175 mAh·g−1 was observed [46]. Interestingly, these results
were quite different from those obtained for HC derived from apple pomace containing
pectin in other works of the same author. HC from apple waste containing pectin delivered
much lower capacity within the plateau as compared to HC from pectin-free apple waste
(108 and 175 mAh·g−1, respectively). In the slope-like region, very similar capacities were
recorded (112 and 110 mAh·g−1). This indicates the differences in the sodium storage
mechanism of HCs [46,57].

2.1.3. Biopolymers

Biopolymers are natural, biocompatible, highly biodegradable and environmentally
friendly (“green”) alternatives to widespread synthetic plastics. Biopolymers can be ob-
tained/extracted by the following means: i. from natural sources (e.g., agricultural waste);
ii. via direct biosynthesis by microorganisms; and iii. through chemical synthesis [58]. AP
is a promising raw material for the production of biopolymers due to its high sugar content.
It is estimated that the dry mass of AP contains 7–44% cellulose, 14–17% starch, 15–20%
lignin and 4–14% pectin, which can be used for the production of biopolymers [19].

There are several recently published literature reports regarding the production of
sustainable biomaterials from AP [12,13,59–64]. In the study of Gustafsson et al. [13], AP
was used for the production of 3D objects (fibreboards) and biofilms. Solution casting was
used to form fibreboards, while film casting was used to produce biofilms. The obtained
structures were tested for tensile strength (TS) and elongation at max (EAM). The results
showed that the highest value of TS (5.79 MPa) and EAM (1.54%) was reached by the
biopolymer made from AP with 30% (w/w) glycerol. For comparison, the biopolymer
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produced only from AP showed significantly lower values of TS = 3.71% and EAM = 1.56%.
The biopolymer prepared from AP with 7% (w/w) glycerol had three-times-lower flexibility
(EAM = 10.77%) and a four-times-higher TS value (TS = 16.49 MPa) than biofilm prepared
from AP without glycerol using values of EAM = 37.39% and TS = 4.20 MPa [13]. In another
work [59], AP-derived bioplastic was used in the production of cups. The mechanical
properties of bioplastic were measured, and the results showed that the highest values of
TS and EAM were also reached using a mixture of washed AP with 30% (w/w) glycerol
content. However, other important parameters, such as water resistance, exposure to
environmental factors (e.g., light), or biodegradability, were not investigated in this study.
AP-derived biopolymer could be an environmentally friendly replacement for synthetic
plastic tableware or additives for the production of structural or building elements (e.g.,
bricks) [59].

In the work of Liu et al., AP was characterised as a potential source of biopolymers—
PHAs (poly-hydroxyalkanoates) [12]. PHAs are biosynthesised by a wide range of Gram-
positive and Gram-negative bacteria (e.g., Azotobacter, Clostridium, Alcaligenes latus and
Cupriavidus necator) and serve as an energy and carbon storage source [60]. Generally,
the production of PHAs (2.4 and 5.5 US$/kg) generates much higher costs as opposed
to conventional synthetic plastics (1.2 US$/kg) [61]. However, by changing the carbon
source used in the production of PHAs to inexpensive agricultural waste (including AP),
the production costs can be significantly reduced (up to 50%), which has a great impact on
PHAs’ applicability in many industries [12,62].

In the work of Pereira [63], Pseudomonas chlororaphis sub-sp. Aurantiaca was used
to produce medium-chain-length PHAs (mcl-PHAs) from apple waste. The obtained
mcl-PHAs consisted of, i.e., 3-hydroxydecanoate (42.7 ± 0.1 mol%), 3-hydroxyoctanoate
(17.9 ± 1.0 mol%), 3-hydroxybutyrate (14.5 ± 1.1 mol%) and 3-hydroxytetradecanoate
(11.1 ± 0.6 mol%) with a yield of 49.25 ± 4.08%. The obtained mcl-PHAs biofilms showed
attractive mechanical properties (TS = 5.21 ± 1.09 MPa, EAM = 400.05 ± 55.8%) [63].
Rebocho et al. [64], in their study, used apple waste as a feedstock for the production of
mcl-PHAs using Pseudomonas citronellolis. The major components of the obtained biopoly-
mer were 3-hydroxydecanoate (68% mol) and 3-hydroxyoctanoate (22% mol) with a to-
tal yield of 1.2 ± 0.05 (g/L). P. citronellolis mcl-PHA films showed high tensile strength
(TS = 4.9 ± 0.68 MPa) and thermal stability [64]. The above research confirms the potential
possibilities of using apple waste for the production of biopolymers that could be used as,
e.g., packaging materials in many industries [63,64].

3. The Recovery from Apple Pomace Extraction for the Building and
Construction Sectors

The considerable quantities of apple pomace produced in the world have been forcing
researchers to develop novel and modern methods for their effective use. It is commonly
known that apple peel (the main component of the pomace) contains a much higher content
of active substances—phenolic antioxidants—than the pulp of the fruit. The relatively
low price (compared to the price of raw apples) and widespread availability of AP make
them a raw material with great potential [65,66]. However, due to their high water and
sugar contents, AP are easily perishable (biologically unstable) and require immediate
processing, such as dehydration (drying), as a pretreatment, which is associated with
high energy consumption and, hence, additional OPEX. On the other hand, as an adverse
side effect, drying can cause the degradation of temperature-sensitive valuable phenolic
antioxidants [67]. The extraction of active compounds from AP can be an attractive method
of their reuse. In addition, the solid waste generated during the process can be further used
in accordance with the ideas of sustainability, e.g., as substrates for energy production.

3.1. Green Extraction Techniques

Green extraction techniques are methods for isolating active phenolic antioxidants
from plant-based materials in an environmentally friendly manner. They rely on the
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utilization of alternative (green) solvents, eliminating the amount of synthetic and/or
petroleum-based chemicals, and reducing energy costs and waste generation to obtain high-
quality plant extracts [68]. Among green solvents, bioethanol is the most often used one
due to its high biodegradability and low price [69]. Water, which is known to be the most
natural solvent on the Earth, is effective only for the extraction of polar compounds [70].
Nowadays, various green extraction techniques including ultrasound-assisted, microwave-
assisted, enzyme-assisted, pulsed electric field extraction, supercritical fluid extraction or
pressurised liquid extraction have been explored [71]. Among them, supercritical fluid
extraction (SFE), pressurised hot water extraction (PHWE), ultrasound-assisted extraction
(UAE) or a combination of assisted extraction techniques are widely used. Recovered in
a green way, phytochemicals from AP can be further used in many industries, including,
e.g., construction and building, as anticorrosion agents, wood protectors, preservatives,
antioxidants and biopolymers.

The SFE is a relatively new extraction method that is performed in the presence of
supercritical fluids (most often liquid carbon dioxide—CO2). The process is carried out
in specialised high-pressure equipment where CO2 is compressed under high pressure.
The simultaneous increase in temperature and the pressure of the system leads CO2 to
reach a supercritical state; in that phase, CO2 behaves similarly to both a liquid and a
gas and mass transfer limitations that slow down the liquid transport are overcome [72].
After extraction, there is no need for additional purification of the extract or CO2 removal,
because gas expands and evaporates at normal temperature and pressure (25 ◦C and
1 atm). Moreover, the SFE technique does not require air access, which protects the
substances contained in the extracted material against oxidation. Another advantage
is that the carbon dioxide (extraction solvent) used is non-toxic, odourless, colourless,
non-flammable, cheap and reaches a supercritical state at relatively low temperatures
(above 31 ◦C) (Figure 3). Due to such a relatively low temperature, it is possible to obtain
plant extracts without losing their properties (degradation of active compounds), which
often takes place at higher temperatures [73,74]. However, the SFE method has some
disadvantages, with the main ones being the high cost of the aperture and the limited
range of substances that can be extracted with CO2 as the sole solvent due to its non-polar
nature [75]. The application of the SFE technique for the extraction of antioxidants from
apple pomace was investigated in the work of Giovanna et al. [76]. In that study, fresh,
freeze-dried and oven-dried apple pomace was treated with (a) subcritical CO2 and (b)
subcritical CO2 with ethanol (5%) as a co-solvent, at pressures of 20 and 30 MPa and
temperatures of 45 ◦C and 55 ◦C. For the comparison, a conventional extraction technology,
i.e., Soxhlet extraction with ethanol and boiling water maceration, was also performed.
The results of their research showed that the freeze-dried apple pomace extract obtained
using the SFE method (at 55 ◦C, 30 MPa) with the use of ethanol (5%) as a co-solvent
had the highest total phenolic antioxidant content (TPC) measured by the Folin–Ciocalteu
method (8.87 ± 0.10 mg GAE (gallic acid equivalent)/g of extract) (Table 2). In addition,
this extract was also found to have the highest antioxidant activity measured by DPPH•
assay (5.99 ± 0.11 mg TEA (Trolox equivalent antioxidant)/g of extract). For the extract
obtained from SFE, carried out on freeze-dried apple pomace at the same conditions
(55 ◦C, 30 MPa), but only with the subcritical CO2 as a solvent, the TPC was equal to
6.41 ± 0.19 mg GAE/g of extract. Much lower TPC was obtained for the freeze-dried
extract obtained using the Soxhlet and boiling water maceration methods, with 4.13 ± 0.90
and 2.37 ± 0.01 mg GAE/g of extract obtained, respectively [76]. The optimal conditions for
the SFE apple pomace extraction process were also investigated in the work of De la Peña
Armada et al. [77]. The results of their research indicated that the optimal conditions for the
SFE process could be established at a temperature of 46 ◦C and a pressure of 425 bar. Under
these conditions, the obtained extracts were characterised by the highest concentration
of triterpenic acids (betulinic acid, oleanolic acid, ursolic acid, uvaol, erythrodiol and
lupeol) and the highest antioxidant activity tested by means of the ORAC (Oxygen Radical
Absorbance Capacity) assay (609.17 ± 96.11 μmol TE (Trolox equivalent)/g extract). For
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comparison, the extract obtained using the Soxhlet method showed a lower antioxidant
capacity (ORAC: 565.95 ± 60.66 μmol TE/g extract) [77].

Figure 3. The phase diagram for CO2.

PHWE is a similar technique to SFE, but in this case, water is used as a solvent.
By increasing the temperature and pressure, water obtains similar properties to ethanol;
this causes an increase in the solubility of many medium-polar compounds in water and
ensures the extraction efficiency. The appropriate temperature of the extractant (water)
should be above the atmospheric boiling point (100 ◦C, 0.1 MPa), but below its critical
point (374 ◦C, 22.1 MPa) [78]. The main advantages of this method are its low cost and
environmental friendliness; PHWE limits the use of organic solvents. Besides, the process
water can be disposed of without causing any major environmental problems [79]. The
applicability of the PHWE technique for the extraction of antioxidants from apple pomace
was investigated in the work of Plaza et al. [79]. Using a response surface methodology
(RSM), scientists optimised the PHWE parameters by maximising the yield of phenolic
antioxidants from AP while minimising the possible formation of undesirable substances
(e.g., melanoidins—the final Maillard reaction products). They reported that the highest
amount of phenolic compounds (1.8 μmol/g dry AP) was obtained at a temperature of
170 ◦C and 3 min of extraction time [80].

The UAE generates high-frequency pulses that increase the mass transfer of the
extracted biocompounds to the used solvent. This is due to the presence of cavitation
bubbles created by ultrasonic waves passing through the solvent. The rupture of cavitation
bubbles on the analyte surface causes damage at the impact site and increases the rate
of mass transfer of the extracted material to the solvent. UAE can be carried out using
two types of device: ultrasonic (US) bath or probe-generating ultrasound (Figure 4). Both
of them are equipped with one (US probe) or more (US bath) ultrasound generators
called transducers. There is also a temperature control in the ultrasonic bath. Moreover,
unlike extraction with a probe, several samples can be extracted simultaneously in an
ultrasonic bath. Ultrasonic baths usually operate at frequencies from 37 to 45 kHz, while
the ultrasound probes operate at a lower frequency of ca. 20 kHz. Lower frequencies lead
to the formation of larger cavitation bubbles. The main disadvantage of this method is the
possibility of partial degradation of the analyte compounds. In addition, after UAE, the
obtained extract must be filtered to separate it from the extraction residues that sometimes
require significant amounts of solvents and can lead to oxygen degradation of the extract.
The UAE technique is often combined with other extraction methods, e.g., the Sono–Soxhlet
approach involves the combination of UAE with Soxhlet extraction; other approaches
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include UAE being combined with microwave-assisted extraction, and the combination
of UAE and SFE [81,82]. There are several reports in the literature from recent years on
the use of the UAE technique to recover active substances from apple pomace [83–86]. For
example, in the work of Pollini et al. [86], the effect of the solvent on the TPC of apple
pomace extract was investigated. In their research, the extract obtained through UAE,
using the mixture of ethanol and water (50:50, vv) as a solvent, had the highest TPC value
(1062.9 ± 59.80 μg GAE/g of fresh AP) compared to other solvents used (ethanol:water,
70:30 and 30:70, vv) [86]. Malinowska et al. [84], compared the effect of the solvent used
(water and ethanol) and the source of AP on the efficiency of the UAE process. The results
showed that AP water extract (from conventional crops) had a two-times-lower TPC value
than the AP ethanolic extract and the AP water extract (from ecological crops) [84]. The
temperature of the UAE process, time of extraction and ultrasound power (e.g., power
intensity) also plays an important role. Overly high temperatures (e.g., much higher than
room temperature), power intensities (a wide range of ultrasonic frequencies of 20–100 Hz
are applied in the literature) and expanded extraction times (time longer than 30 min) can
lead to the deconstruction of valuable compounds [87,88]. The influence of the mentioned
extraction conditions (temperature in the range of 10 ◦C to 40 ◦C, and ultrasound intensity
in the range of 0.764 W/cm2 to 0.335 W/cm2) was studied in the work of Pingret et al. [88].
The results of their research indicate that the optimal conditions for the water-extraction of
phenolic antioxidants from apple pomace using the UAE method are 40 ◦C, 40 min and
0.764 W/cm2 (Table 2) [89].

Figure 4. Ultrasonically assisted solvent extraction: (A) in an ultrasonic bath and (B) with a probe-
generating ultrasound.
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Regarding the evaluation of the above-mentioned extraction processes for the recovery
of active compounds from apple waste, the efficiency and costs have to be evaluated. In
the case of the SFE and PHWE techniques, the costs of extractions are relatively expensive,
due to the high cost of specialistic equipment (Figure 5). However, the advantage of these
techniques is that they use environmentally friendly solvents, such as CO2 and H2O. On
the other hand, the cost of the ultrasonic bath or probe-generating ultrasound used in the
UAE technique is relatively low, but this method requires larger amounts of solvents than
in SFE and PHWE. However, taking into account the production costs of some synthetic
compounds, obtaining compounds from the extracts may be a cheaper solution. Natural
compounds are also more desirable than synthetic ones [90,91].

 
Figure 5. Comparison of the SFE, PHWE and UAE extraction techniques.

3.1.1. Green Corrosion Inhibitors Active Compounds

Metals and their alloys have been widely used in the building and construction
industries as base materials for various equipment (e.g., pipes and water tanks). However,
factors such as moisture, salts, acidic and alkaline solutions, gases, etc. can lead to numerous
damages to the material, known as the corrosion process [92]. The corrosion products (i.e.,
rust) significantly affect the construction elements and, hence, generate serious impacts
on human safety and the overall economy of the construction process. Various methods
are used to protect metal surfaces from corrosion. One of them is the use of substances
that inhibit the corrosion process, i.e., corrosion inhibitors [93–95]. Recently, most of the
commercially used corrosion inhibitors have been synthetic inorganic molecules containing,
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e.g., copper, zinc, arsenic, nickel or arsenic salts [96]. However, the use of most of them
(e.g., toxic phosphate or chromates) raises concerns regarding the safety of living organisms
and the natural environment (e.g., surface water) [94,97,98].

Nowadays, great emphasis in the construction industry is given to the use of natu-
ral, non-toxic, readily available and biodegradable products; therefore, new sources of
substances that will be effective and inexpensive are considered [94]. Active molecules
from AP extracts (phenolic compounds with antioxidant properties) are tested as poten-
tial corrosion inhibitors, due to their electron-donating properties and active sites [94].
Their anti-corrosion mechanism of action consists in the creation/adsorption of the pro-
tective film layer on the metal surface by blocking active sites on the metal surface (in
response to the Langmuir adsorption isotherm). The inhibitory effectiveness is associated
with the chemical composition of AP extracts and chemical structure of active phenolic
compounds—the presence of heteroatoms, such as sulfur (S), oxygen (O), phosphorus (P)
and nitrogen (N) in their polar functional groups (e.g., -OH, -COOH, -OCH3 -CN and
-NO2). These heteroatoms favour the adsorption processes via an interaction between the
metal surface and the π-electrons clouds in the conjugated system, or by the formation of
the bonds with the non-bonding electron pairs of the heteroatoms [97,99–101]. Moreover,
the corrosion inhibition efficiency (IE) of plant extracts is related to the electron density
sites of the inhibitor molecules [96,97].

There are several reports in the literature on the use of AP extracts and individ-
ual active substances, that can be isolated from AP, as green anti-corrosion agents
(Table 3) [97,100,102–106]. In the work of Vera et al. [100], the phenolic antioxidants oc-
curring in the Fuji apple peel extract turned out to be highly effective (IE = 89.88% at an
inhibitor/extract concentration of 1000 ppm) anticorrosive agents of carbon steel. The major
components of the AP extract were 3,5,2′-trihydroxy-7,8,4′-trimethoxyflavone 5-glucosyl-(1-
>2)-galactoside (44.33%), 5-methoxy-6′′,6′′-dimethyl-3′,4′-methylenedioxypyrano (2′′,3′′,7,8)
flavone (38.49%), quercetin-5-glucoside (3.27%) and quercetin-3-α-L-arabinopyranoside
(3.15%). Other phenolic antioxidants, such as caffeic acid, chlorogenic acid, rutin, kaem-
pherol and isoquercetin, were detected in lower concentrations [100]. In the study by
Nazari et al. [97], an AP-based green inhibitor was found to exhibit high efficiency in reduc-
ing the carbon steel corrosion in 3.5% NaCl brine. 1-Linoleoyl-sn-glycero-3-phosphocholine
(C26H50NO7P), containing N, P and O heteroatoms, was found to be a major constituent
of AP extract (19.3 wt.%). The inhibition action mechanism of AP extract molecules was
based on blocking the anode active sites on the steel surface and transforming Fe3O4 into
a more corrosion-resistant Fe2O3. The highest IE (98%) was obtained on the seventh day
of the measurement at the highest concentration of AP extract used (3%). In addition, the
above-mentioned AP-derived inhibitor was synthesised without generating any waste [97].
In another study, pectin, which is abundant in AP, was used as an anti-corrosion coating for
carbon steel. The protective effect (PE) increased with the increasing pectin concentration.
For the lowest applied pectin concentration (100 ppm), PE = 83.62%, while for the highest
(500 ppm), PE was equal 89.31% [102]. The influence of pectin on corrosion of metals in
hydrochloric acid solution was also studied in the work of Fiori-Bimbi et al. [103]. In their
work, the maximum value of pectin’s mild steel corrosion inhibition efficiency was equal to
94.2% (T = 318 K, inhibitor concertation = 2 g L−1) [102]. Pectin may also be a promising
anti-corrosion agent for carbon steel in a neutral aqueous solution. Prabakaran et al. [104]
developed an inhibitor composed of pectin (250 ppm), propyl phosphonic acid (50 ppm)
and Zn(II) ions (20 ppm). The corrosion IE value for this mixture was 94%, indicating an
excellent synergistic effect of components [104]. Procyanidin B2 and quercetin are major AP
components. Procyanidin B2 was reported to be an effective corrosion inhibitor of carbon
steel in 1 M HCl. The corrosion IE reached 94.21% at 30 ◦C (500 mg/L) after 24 h [105].
However, 800 ppm of quercetin was found to reduce 92% of mild steel corrosion in 1 M
HCl after 1 h [106].
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Table 3. Selected green corrosion inhibitors from AP.

Source The Most Frequently Occurring Active Compounds Metal and Electrolyte Ref.

Fuji apple peel

3,5,2′-Trihydroxy-7,8,4′-trimethoxyflavone 5-
glucosyl-(1->2)-galactoside,

5-Methoxy-6′′,6′′-dimethyl-3′,4′-
methylenedioxypyrano(2′′,3′′,7,8)flavone

Carbon steel, 0.1 M NaCl [100]

Apple pomace 1-Linoleoyl-sn-glycero-3-phosphocholine Carbon steel, 3.5% NaCl [97]

Pectin - Carbon steel, 1.0 M HCl [102]

Pectin - Mild steel, 1.0 M HCl [103]

Pectin - Carbon steel, H2O [104]

Procyanidin B2 - Carbon steel, 1.0 M HCl [105]

Quercetin - Mild steel, 1.0 M HCl [106]

3.1.2. Green Wood Protectors’ Active Compounds

Wood is a frequently used natural, renewable, relatively inexpensive and readily
available building material used in the construction of structural beams, facilities, structures
and wood objects (e.g., furniture and home decors). The use of wood in construction brings
several benefits, e.g., wood is resistant to high temperatures, stretching (tensile strength) and
electrical currents, it can absorb unwanted sounds (especially desirable in the construction
of concert halls) and is highly machinable. Generally, wood can be divided into two types:
hardwood (e.g., maple, oak, mahogany, beech and teak) and softwood (e.g., birch, pine and
ash). Depending on the type, they differ in physical properties, such as density, strength,
moisture content, etc. [107,108]. However, all of the types are exposed to factors such as
weather conditions (moisture), fungi and insects, which contribute to its degradation [109].

Biological corrosion of wood causes significant changes in its structure, as well as in its
chemical and psychical properties and can lead to complete material deconstruction (wood
decay). To prevent wood and wood-based materials from these damages, various chemical
wood preservatives are used. However, most of the traditional biocides used for wood pro-
tection are often highly toxic (Table 4) and can leach out from the preservative-treated wood,
posing a serious risk to the environment, human and animal health [108,110]. For example,
conventional synthetic wood preservative—CCA (Copper Chromium Arsenate)—contains
arsenic and chromium (VI), which are easily leached from the wood surface and contami-
nate the surrounding soil. Arsenic is also known to be carcinogenic and, therefore, the use
of CCA for wood conservation has been restricted since 2003 by the U.S. Environmental
Protection Agency (EPA) [107,111]. To protect the environment and society, new alternative
wood preservatives based on non-toxic and biodegradable natural substances should be
developed. AP contains huge quantities of unused active substances, especially phenolic
compounds, which are known to be potential antifungal and antibacterial agents [66,112].

Some types of wood (e.g., Alaska cedar, redwood) show natural resistance to insects,
microorganisms and decay, due to the presence of extractives in hardwood [113–115].
Benzoic and cinnamic acids as well as their phenolic derivatives were found to be one
of the extractive components responsible for the natural resistance of wood [116]. These
compounds are plant secondary metabolites responsible for plant protection against biotic
(insects, bacteria and fungi) and abiotic (drought, cold, heat and UV light) environmental
stress [117,118]. Numerous studies have investigated the use of benzoic, cinnamic acids and
their phenolic derivatives recovered from plant sources as potential natural and non-toxic
wood protection agents (Table 5) [119–124]. The influence of benzoic, salicyli, syringic
and vanillic acids on oil palm diseases caused by Ganoderma boninense was investigated
in the study of Surendran et al. [119]. G. boninense is the major pathogen for basal stem
rot (BSR) disease. Among all studied compounds, benzoic acid turned out to be the best
G. boninense inhibitor. During all days of the measurement, benzoic acid at a concentration
of 5 mM inhibited the growth of the tested pathogen. On the 120th day, the following
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weight loss was observed in the woodblocks treated successively with salicylic (≈34%),
syringic (≈40%) and vanillic acids (≈75%) (C = 5 mM). For comparison, the mass loss
of the untreated control woodblocks was 71.8% [119]. Sekine et al. [120], investigated
the bioactivity of latifolin and its derivatives (Table 4) against termites and white- and
brown-rot fungi. The results showed that latifolin exhibited significantly higher antifungal
and anti-termite activity than the other tested compounds. For example, the value of
inhibition rate of T. versicolor for latifolin was 79.1%, while for its derivatives, this was
in the range of 13.2% to 21.8% [120]. In the studies of Little et al. [121], three flavonoids
(quercetin, morin and catechin) and tannic acid were investigated as potential termite
repellers. The results showed that wood treated with 3% tannic acid and 4% catechin
caused high termite mortality—75% and 50%, respectively [121]. The anti-termite activity
of flavonoids (apigenin, quercetin, biochanin A, genistein and taxifolin) was also reported
in other works [122,123]. Efhamisisi et al. [124] impregnated 3-ply beech plywood with a
mixture of 20% tannin solution and 1% boric acid (to enhance the crosslinking properties
and prevent tannin loss). The results showed that such treatment significantly increased
the resistance of panels against termites (R. flavipes) and fungal (T. versicolor) attack [124].

Table 4. Examples of toxic substances used in wood preservatives [110].

Active Ingredient Toxicity Class Lethal Dose (LD50) * (mg/kg) Main Use

Azaconazole II. Moderately hazardous 308 Fungicide
Copper hydroxide II. Moderately hazardous 1000 Fungicide

Copper oxychloride II. Moderately hazardous 1440 Fungicide
Copper sulphate II. Moderately hazardous 300 Fungicide

Chlorpyrifos II. Moderately hazardous 135 Insecticide
Fipronil II. Moderately hazardous 92 Insecticide

Thiamethoxam II. Moderately hazardous 871 Insecticide

Disodium tetraborate (Borax) III. Slightly hazardous 4500 Fungicide
Fenpropimorph III. Slightly hazardous 3515 Fungicide
Tebuconazole III. Slightly hazardous 1700 Fungicide

Dichlofluanid U. Unlikely to present acute hazard in normal use >5000 Fungicide
Fenoxycarb U. Unlikely to present acute hazard in normal use >10,000 Fungicide

* LD50—the amount of toxic substance (mg) per kg of body weight, which causes the death of 50% of a group of
the tested animals.

Table 5. Phenolic compounds as natural wood preservatives.

Active Compounds Wood Protected Protection against Results Ref.

Benzoic acid
Salicylic acid
Syringic acid
Vanillic acid

Oil palm
(Elaeis guineensis Jacq.) Ganoderma boninense Controlled BSR disease. [119]

Latifolin
2’-O-methyllatifolin

Latifolin dimethyl ether
Latifolin diacetate

Studies on paper discs

Trametes versicolor
Fomitopsis palustris

Reticulitermes speratus
(Kolbe)

A significant activity of
Latifolin against tested

termites and fungi.
[120]

Quercetin
Morin

Catechin
Tannic acid

Pinus sp. Reticulitermes flavipes
A significant activity of
catechin and tannic acid
against tested termites.

[121]

Condensed tannin European beach
(Fagus sylvatica L.)

Trametes versicolor
Reticulitermes flavipes

Increased resistance against
tested termites and fungi. [124]

4. Conclusions

To improve food and environmental safety, it is important to properly manage agri-
food waste so that it can be reintegrated into the existing bioeconomy [15]. The production
of bio-waste, including apple pomace (AP), is expected to increase every year. Therefore,
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it is necessary to develop safe and effective methods for the processing and disposal of
AP in accordance with the idea of sustainable development. The research results will
allow for the acquisition of new knowledge as well as new bio-materials and technological
solutions that could have a big economic impact in the future. Some of them are currently
in use, e.g., green extraction techniques for the recovery of active substances from AP in an
environmentally friendly manner, i.e., by lowering the energy consumption and reducing
the amounts of harmful chemicals. Active compounds extracted from AP (including benzoic
and cinnamic acid derivatives) can further replace the widespread synthetic chemicals and
reduce the amounts of generated waste, e.g., they can be used as non-toxic, readily available
and biodegradable anticorrosion agents or wood protectors in different industrial sectors.
Through various processes (e.g., fermentation, anaerobic digestion and pyrolysis), AP
can be transformed into fuels and/or fuel intermediates in solid (e.g., biochar-based hard
carbon that can be used in Na-ion battery production), liquid (e.g., bioethanol, biodiesel,
pyrolysis oil, etc.) and gaseous (e.g., biogas/biomethane, etc.) forms. Such transformations
of apple waste into environmentally friendly energy and materials can not only reduce
the consumption of conventional fossil feedstocks but also reduce the amount of GHGs
emitted into the atmosphere. Finally, the AP can be considered as an environmentally
safe biopolymer that can be applied as an innovative additive, e.g., in the production of
structural or building elements or packaging materials in many other industries.
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Astel, A.; Świsłocka, R.; Samsonowicz, M.; et al. Plant-Derived and Dietary Hydroxybenzoic Acids—A Comprehensive Study
of Structural, Anti-/Pro-Oxidant, Lipophilic, Antimicrobial, and Cytotoxic Activity in MDA-MB-231 and MCF-7 Cell Lines.
Nutrients 2021, 13, 3107. [CrossRef] [PubMed]

113. Grace, J.; Yamamoto, R. Natural resistance of Alaska-cedar, redwood, and teak to Formosan subterranean termites. For. Prod. J.
1994, 44, 41–45.

114. Taylor, A.M.; Gartner, B.L.; Morrell, J.J.; Tsunoda, K. Effects of heartwood extractive fractions of Thuja plicata and Chamaecyparis
nootkatensis on wood degradation by termites or fungi. J. Wood Sci. 2006, 52, 147–153. [CrossRef]

115. Borges, C.C.; Tonoli, G.H.D.; Cruz, T.M.; Duarte, P.J.; Junqueira, T.A. Nanoparticles-based wood preservatives: The next
generation of wood protection? CERNE 2018, 24, 397–407. [CrossRef]

116. Nascimento, M.S.; Santana, A.L.B.D.; Maranhão, C.A.; Oliveira, L.S.; Bieber, L. Phenolic Extractives and Natural Resistance of
Wood. In Biodegradation-Life of Science; IntechOpen: London, UK, 2013; pp. 349–370.

117. Kumar, S.; Abedin, M.M.; Singh, A.K.; Das, S. Role of Phenolic Compounds in Plant-Defensive Mechanisms. In Plant Phenolics in
Sustainable Agriculture; Springer: Singapore, 2020; pp. 517–532.

118. Böttger, A.; Vothknecht, U.; Bolle, C.; Wolf, A. Plant Secondary Metabolites and Their General Function in Plants; Springer:
Berlin/Heidelberg, Germany, 2018; pp. 3–17.

119. Surendran, A.; Siddiqui, Y.; Ahmad, K.; Fernanda, R. Deciphering the physicochemical and microscopical changes in ganoderma
boninense-infected oil palm woodblocks under the influence of phenolic compounds. Plants 2021, 10, 1797. [CrossRef] [PubMed]

188



Materials 2022, 15, 1788

120. Serine, N.; Ashitani, T.; Murayama, T.; Shibutani, S.; Hattori, S.; Takahashi, K. Bioactivity of latifolin and its derivatives against
termites and fungi. J. Agric. Food Chem. 2009, 57, 5707–5712.

121. Little, N.S.; Schultz, T.P.; Nicholas, D.D. Termite-resistant heartwood. Effect of antioxidants on termite feeding deterrence and
mortality. Holzforschung 2010, 64, 395–398. [CrossRef]

122. Boué, S.M.; Raina, A.K. Effects of plant flavonoids on fecundity, survival, and feeding of the Formosan subterranean termite.
J. Chem. Ecol. 2003, 29, 2575–2584. [CrossRef] [PubMed]

123. Chen, K.; Ohmura, W.; Doi, S.; Aoyama, M. Termite feeding deterrent from Japanese larch wood. Bioresour. Technol. 2004, 95,
129–134. [CrossRef] [PubMed]

124. Efhamisisi, D.; Thevenon, M.F.; Hamzeh, Y.; Pizzi, A.; Karimi, A.; Pourtahmasi, K. Tannin-boron complex as a preservative for
3-ply beech plywoods designed for humid conditions. Holzforschung 2020, 71, 249–258. [CrossRef]

189





Citation: de Oliveira, C.M.;

Bellopede, R.; Tori, A.; Zanetti, G.;

Marini, P. Gravity and Electrostatic

Separation for Recovering Metals

from Obsolete Printed Circuit Board.

Materials 2022, 15, 1874. https://

doi.org/10.3390/ma15051874

Academic Editors: Dimitra

Vernardou and Damon Kent

Received: 2 December 2021

Accepted: 24 February 2022

Published: 2 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

materials

Article

Gravity and Electrostatic Separation for Recovering Metals
from Obsolete Printed Circuit Board

Camila Mori de Oliveira 1, Rossana Bellopede 1,*, Alice Tori 2, Giovanna Zanetti 1 and Paola Marini 1

1 Department of Environment, Land and Infrastructure Engineering (DIATI), Politecnico di Torino,
10129 Turin, Italy; camila.morideoliveira@studenti.polito.it (C.M.d.O.); giovanna.zanetti@polito.it (G.Z.);
paola.marini@polito.it (P.M.)

2 OSAI Automation System S.p.A., 10010 Parella, Italy; a.tori@osai-as.it
* Correspondence: rossana.bellopede@polito.it

Abstract: This study proposed an evaluation of enrichment processes of obsolete Printed Circuit
Boards (PCBs), by means of gravity and electrostatic separation, aiming at the recovery of metals.
PCBs are the most important component in electronic devices, having high concentrations of metals
and offering a secondary source of raw materials. Its recycling promotes the reduction in the
environmental impacts associated with its production, use, and disposal. The recovery method
studied started with the dismantling of the PCB, followed by a comminution and granulometric
classification. Subsequent magnetic, gravity, and electrostatic separations were performed. After the
separations, a macroscopic visual evaluation and chemical analysis were carried out, determining the
metal content in the concentrate products. The results obtained from gravity separation showed a
product with metallic concentrations of 89% and 76% for particle sizes of 0.3–0.6 mm and 0.6–1.18 mm,
respectively. In electrostatic separation, the product obtained was 88% for the lower particle size
(<0.3 mm) and 62% for particles sizes >1.18 mm.

Keywords: PCB; recycling; metal recovery; mechanical pre-treatment

1. Introduction

It is difficult to imagine life today without technology, especially in the pandemic sce-
nario, in which online meetings, classes, and appointments have become routine. Therefore,
technology has taken up space, incorporating indispensably into everyday life very quickly
and intensely.

The current digital context generates an extensive number of electronic products and,
due to the advancement of technology, Electrical and Electronic Equipment (EEE) becomes
obsolete faster and, consequently, their disposal also increases. Viewing them from the
perspective of an exploitation potential for use can promote urban mining [1].

Urban mining, in contrast to traditional mining, consists of the process of obtaining
raw materials derived from waste, being recycled and reused by the industry. The materials
obtained from the recycling of the devices are called secondary raw materials [2].

The electronics industry is estimated to generate 57.4 million tons of waste electrical
and electronic equipment (WEEE) in 2021, which represents 7.6 kg of WEEE per inhabitant,
and in 2019, only 17.4% of the generated amount was officially documented as properly
collected and recycled [3]. According to that same source, by the end of 2030, the mark of
74.7 million tons of WEEE is estimated to have been reached worldwide.

An effective recycling of these materials is essential to keep them available for the man-
ufacturing of new products, conserving natural resources, and being a great contribution to
the circular economy, removing waste from its disposal and reinserting it in the production
cycle. Thus, the proper management of electronic waste is essential to guarantee access
for future generations of electronic products, to preserve natural resources and human
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health, to protect working conditions, to reduce the environmental impacts associated with
production, and to use and dispose of electronic equipment [4].

Plenty of research has been carried out in recent years to characterize the electronic
waste generated, consisting mainly of household appliances, computers, televisions, and
other goods that are damaged or broken [5]. WEEE encompasses up to 69 elements
from the periodic table, becoming a diverse and complex type of waste having both
hazardous and nonhazardous compounds [3]. The presence of metals, such as copper, gold,
silver, and critical raw materials, such tantalum, makes the WEEE extremely attractive to
recovery. Some elements have concentrations significantly higher than those usually found
in corresponding mineral ores [6].

Printed Circuit Boards, also known as PCBs, are generally not visible, but they are
part of everything that involves technology. They represent about 3% by weight of WEEE
and, taking into account that their composition can reach approximately 40% of metals,
the recycling of obsolete PCBs has a high economic importance [2]. A common structure
of a PCB is made of layers of glass fibers and copper clads, usually held together by
halogenated epoxy resins (HERS) or brominated epoxy resin (BES) in which electrical
components (e.g., resistors, capacitors, and inductors) are soldered onto the top layer [7,8].
They can be structurally classified according to the number of layers: single-sided, having
a conducting layer (copper) on one side; double-sided, having a conducting layer on
both sides; and multi-layers, having metallized holes to connect different layers. The
heterogeneous PCB composition hinders the process of recovering the materials, making it
slow and expensive [8]. Thus, much research has been developed to optimize the efficiency
of a sustainable recycling process of these components.

In recent years, the mainstream of the recycling approaches of PCBs has focused
on chemical process approaches [9], including co-pyrolysis [10], hydrometallurgy with
nitric acid [11], and bio-metallurgical processes by biosorption and bioleaching [12]. These
processes are very time-consuming, high energy-demanding, and may release significant
pollutants into the atmosphere [13]. Despite the progress of these chemical techniques,
at present, there is a lack of studies focusing on sophisticated solutions to obtain physi-
comechanical improvements. Therefore, there is still a demand to identify low-cost and
eco-friendly methods to improve the reach of a high concentration of metals and decrease
the rate of metal loss during these operations.

In this context, the objective of the article is to evaluate green mechanical pre-treatments
available for the sustainable recycling of PCBs, intending to obtain highly concentrated
material before the chemical recovery processes. Treatment through eco-friendly processes
will contribute not only to the solution from an environmental point of view, but also
from an economical one, to increase the metal recovery rate during the operations and
establishing an advanced industrial recycling sector.

To achieve that, the characterization of an obsolete PCB and the evaluation of the
efficiency of gravimetric and electrostatic separation was performed. A pre-treatment
composed of comminution, granulometric, and magnetic separations was performed
before. Then, gravity separation by means of a shaking table and electrostatic separation
by means of corona electrostatic separation were accomplished. To ascertain the metal
content existing in the concentrated fractions after applying the treatments, samples were
collected for visual analysis with a macroscope, and chemical analysis by inductively
coupled plasma–optical emission spectroscopy was performed.

2. Materials and Methods

2.1. Materials

Printed circuit boards are composed of ceramic, polymers, and metals. The composi-
tion can vary significantly depending on the model of equipment and the age of the boards.
For example, before the year 2003, equipment was fabricated containing solders with tin
and lead alloys; however, after the Directive 2002/95/CE, where there is a restriction on
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the use of these substances, there is currently is a trend toward replacing this with SnAgCu
solder alloys, which are considered “lead-free” [1].

PCBs typically consist of more than 60 different types of elements, having a content of
base metals (Cu, Zn), precious metals (Au, Ag, Pd), and heavy metals even higher than
those in natural minerals [8]. The chemical composition is also used to distinguish the PCBs
among them, with scrap being a low-grade PCB that has a low concentration of precious
metal (i.e., gold) [14].

Due to this variation in the composition, the material characterization step is essential
to define the treatments aiming to recover and recycle materials. Several studies have
been performed on printed circuit boards, and part of these studies also involved the
characterization of the boards. As many recyclers receive a mix of low- and high-grade
PCBs, not having a specific composition selection [9], a data compilation from several
authors [15–30] and different types of PCBs (computers, smartphones, etc.) have been
elaborated (Table 1) in order to obtain a mean value (and a standard deviation) for each
metal of the PCBs, thus reaching an average reference value of PCB composition. The
results differ, as the boards come from different products and periods. On average, 34.7%
of a PCB’s mass is metals. Cu is the metal with the highest concentration present in printed
circuit boards, an average of 21.44%. Other metals with a significant mean percentage
weight are Al (3.02%), Fe (3.28%), and Sn (3.14%). The quantities of valuable metals are
significant considering, for example, that the average rate of gold in PCBs (0.04%) is higher
than that in raw gold ore (0.0005%) [19]. It is possible to notice that some elements have a
mean and standard deviation about the same size, such as tantalum, and the paucity of
data gives a very skewed distribution, having a grossly inflated standard deviation.

Table 1. Representative composition of a PCB (by wt.%) considering several types of PCBs
from [15–30] and market price (USD/kg).

Metal Weight Average (%) Stdev (%) Price (US$/kg)

Al 3.02 1.70 2.68
Cu 21.44 9.14 9.65
Fe 3.28 2.79 0.0994
Sn 3.14 1.65 36.79
Au 0.04 0.04 57,598.06
Pd 0.05 0.11 65,040.96
Ag 0.13 0.15 767.28
Ni 1.03 1.29 19.824
Pb 1.86 0.94 2.40
Zn 0.73 0.76 3.34
Ta 0.01 0.01 220 *

Total 34.7%
Note: Metal price according to the London Metal Exchange (LME) (November 2021) [31]; * Tantalum price (USD
100/pound), (August 2021) [32].

It is also possible to observe the commodity metals market prices, from the London
Metal Exchange [31], for 2 November 2021. Combining the average composition with
the price, it is possible to quantify the economic value of the obsolete PCBs. These data
reveal that a ton of waste PCBs can reach up to USD 60,000. Copper, representing 21.4% by
weight, creates around of 3.5% of the product price. Another highlight is for the precious
metals, gold or palladium, whose mass in a PCB represents less than 1%; however, from an
economical point of view, they can represent more than 90% of the price market.

The printed circuit board used in this research was supplied by OSAI Automation
System S.p.A, Parella, Italy, and represented a PCB of a server. It has a multi-layer structure,
and its total weight, containing all the electronical components, was about 1.8 kg. Each
electronical component was recognized and analyzed on the SEM (FEI Company, Hillsboro,
OR, USA), coupled with an energy dispersive X-ray spectroscopy EDS detector (EDAX
(Ametek Inc.), Mahwah, NJ, USA), to identify the chemical elements composition. The
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analysis showed that a significant number of metal elements of the periodic table were
present: Sn, Pb, Au, Cu, Ni, Pd, Ag, Al, Fe, Ta, Ba, and Mn. The lack of data for some metals
(e.g., barium and manganese) in Table 1 may be explained by the very low concentrations.

2.2. Methods

In order to recover metals from the obsolete PCB, the methodology presented in
Figure 1 was applied. Prior to the mechanical separation, a preliminary work was carried
out consisting of the identification of the PCB and its constituent composition. Then, the
dismantling of the plates followed by a comminution and granulometric classification were
carried out. Next, according to the particle size obtained by sieving, magnetic and gravity
methods were used for the medium classes, while magnetic and electrostatic methods were
used for the coarser and the finest classes. A visual evaluation of the quality of the products
by means of a macroscope and chemical analyses were carried out, in order to assess the
potential of the method in the recovery of metals present in printed circuit boards.

Figure 1. Flowsheet of the process applied in this study.

• Disassembly and size reduction

The disassembly of the board was carried out manually in the Raw Materials Labora-
tory of Politecnico di Torino, Turin, Italy using different types of tools, in which elements of
greater volume and without interest such as liquid electrolytic capacitors and the central
process unit were removed. About 80 g of material was removed.

Subsequently, the first board was cut into pieces with a maximum size of 2.5 × 4.0 cm,
enabling an adequate feed to the shredding operation performed by means of a cutting mill
RETSCH SM100 (Retsch GmbH, Haan, Germany) with a rotor made up of three nonaligned
blades, whose action fragments the material introduced. The size reduction is an important
phase of mechanical processing because it allows the release of materials from printed
circuit boards, enabling the optimization of metal recovery.

• Granulometric classification

Considering the heterogeneous composition of the PCB, in order to minimize errors,
the fragments generated should be classified granulometrically, facilitating the characteri-
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zation of materials through chemical analysis, and enabling the identification of fractions
of concentrated metals and nonmetals. The fragmented material was classified by means
of a sieve shaker model FTL-0200 (OMM, Busnago, Italy), and a series of standard ASTM
sieves (Controls, Milano, Italy) (1.18 mm; 0.6 mm, 0.3 mm and bottom) were used. The
samples were weighed in order to calculate the retained mass in each granulometric range.

After these steps, which aimed to prepare the material for separation tests, the enrich-
ment operations began.

• Magnetic separation

In magnetic separation, the materials can be classified according to their responses
to the magnetic field. There are ferromagnetic materials, which are strongly attracted by
the magnetic field; paramagnetic materials, which are weakly attracted; and diamagnetic
materials, which are repulsed [33]. In this study, this separation was performed manually,
using a AlNiCo magnet with an intensity of 1 T. The experimental parameters included
material particle size and distance between magnet and fragments, established at 1 cm. The
products obtained were a ferromagnetic and a nonferromagnetic portion.

• Gravity separation

Separation by gravity allows the classification of materials based on their different
densities. In these processes, particles are separated thanks to different sedimentation
velocities when falling into a fluid (air, water). This speed will simultaneously depend on its
density and size. In the present work, the separation was performed by a wet shaking table
model Krupp (Humboldt Wedag GmbH, Köln, Germany) on particle classes 0.6–1.18 mm
and 0.3–0.6 mm. The adjustable parameters of the device included its inclination, the
frequency of movement, the water flow, and the feed speed. The frequency was 300 cycles
per minute, with 1◦ of inclination angle and a water flow of 10 L/min. In the concentrate
collection and tailing discharge areas, gutters were placed, with a partition separating these
same areas, to collect the products resulting from the separation. After the passage, the
products collected in the different fractions were filtered and placed to dry in an oven, at
40 ◦C. The products obtained were classified as heavy fraction (metals concentrate) and
light fraction (tailing).

• Electrostatic separation

The corona electrostatic separation was carried out on particle size classes >1.18 mm
and <0.3 mm using the separator Dings Coronatron (Prodecologia, Rivne, Ukraine). This
process is based on the electrical conductivity of some elements. In this way, a fraction rich
in conductive metals, such as copper, and another one consisting of polymeric and ceramic
materials were obtained [1]. After some tests, it was established to perform two passages.
The first passage with a voltage of 20 kV and a rotation speed of 30 Hz was performed. After
that, a second passage, with the same parameters, was performed only to the conductive
product obtained from the first passage, increasing the quality of the products.

• Visual characterization

After the mechanical treatments, an inspection of the quality of all products was
performed by means of a visual analysis using the optical macroscope Leica/Wild M420
(Leica Microsystems, Wetzlar, Germany).

• Chemical characterization

On the metal-concentrated products, a chemical analysis using the Inductively Cou-
pled Plasma–Optical Emission Spectrometry instrument (Perkin Elmer, Optima 2000DV,
Waltham, MA, USA) was carried out.

The chemical analysis was divided into microwave digestion and optical spectroscopy.
For each product, two samples were performed.

The metals leaching was obtained by the microwave digestion system Milestone
MLS-1200 Mega (Milestone, Sorisole, Italy) laboratory unit with aqua regia (nitric acid
65%/hydrochloric acid 37%) and HF. The analyzed product was added in the proportion of
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0.25 g for 6 mL of aqua regia and 1 mL of HF. The mixture was then subjected to microwave
heating to complete the digestion. After that, the content of each tube was filtered directly
into a 50 mL volumetric flask, which was brought to volume with distilled water.

Each volumetric flask was analyzed by ICP–OES (Perkin Elmer, Optima 2000DV,
Waltham, MA, USA). A calibration line was prepared at increasing concentrations, contain-
ing the following metals: lead, copper, tantalum, gold, tin, nickel, and aluminum, which
was used to determine the concentration of metals in each sample.

3. Results and Discussion

During the treatment steps, losses in material are common. In the following sections,
the yield of each product is reported in terms of percentage disregarding the losses (which
are 15% of the PCB total weight).

3.1. Size Reduction and Classification

The size reduction performed by the cutting mill was performed in two stages. The
screen used was 2 mm. To enhance the liberation of particles, the >1.18 mm size fraction
size was re-shredded. A significant release of fine particles was observed. When compared
to the initial feed, a loss of 11% was already accounted.

The grain size classification step provided the separation of the previously fragmented
material in different classes. It can be observed from the Figure 2 that only about 16% of the
material mass was obtained in particle sizes over 1.18 mm. An amount of 50% of material
was particles between 0.6 and 1.18 mm, 13.2% of material was particles between 0.3 and
0.6 mm, and 21% of material was particles less than 0.3 mm.

Figure 2. Particle size distributions of the PCB after size reduction.

3.2. Magnetic Separation

The magnetic separation was the first separation step to be performed as it is a common
and easy classification that isolates the magnetic particles. Table 2 shows the results for
each class size fraction.

Table 2. Weight percentage of the products obtained by magnetic separation and their yield.

Class Size Products % Class Yield

>1.18 mm
Magnetic fraction 5% 0.9%

Nonmagnetic fraction 95% 16%

0.6–1.18 mm
Magnetic fraction 2% 1.0%

Nonmagnetic fraction 98% 49%

0.3–0.6 mm
Magnetic fraction 2.4% 0.3%

Nonmagnetic fraction 97.6% 14%

<0.3 mm
Magnetic fraction 0.3% 0.1%

Nonmagnetic fraction 99.7% 19%
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The greater amount of ferromagnetic material was observed in the >1.8 mm fraction,
which may be due to the element being used in larger components, such as supports, and
remains in the larger fractions due to its mechanical properties, making it more difficult to
grind than polymeric materials.

Table 2 shows that around 2.3% of the total product weight obtained from the sepa-
rations was separated in this step. The presence of copper in the magnetic products was
also observed, as despite not being magnetic, it is the predominant element in PCBs and its
presence in these fractions can be justified due to them being dragged by iron and nickel
particles when attracted by the magnet.

Even though a low concentration was found, the main objective of this treatment
was to separate iron, having a higher efficiency in the obtaining of copper in conductive
fractions from electrostatic separation.

3.3. Gravity Separation

The fraction 0.6–1.18 and 0.3–0.6 mm of nonferrous material went to the wet shaking
table separation.

Regarding the grain size particles >1.18 mm, despite a possible efficient separation,
it was not carried out, because the volume of material was not enough to perform this
treatment. Nonetheless, the particles <0.3 mm were not performed, due to the difficult
collection of products after separation. Both were taken to electrostatic separation.

The products obtained were weighed and the data are shown in Table 3. The yield of
each product in terms of percentage was also calculated. Assuming that the heavy-fraction
products obtained were mostly made up of metallic elements, the efficiency of the treatment
was obtained through the weight in percentage of the products. The 0.6–1.18 mm class was
the one with the highest efficiency of 59%, followed by the granulometric class 0.3–0.6 mm
with 33%.

Table 3. Weight percentage of the products and losses obtained by gravity separation and their yield.

Class Size Products %Class Yield

0.6–1.18 mm
Heavy fraction 59% 29%
Light fraction 41% 20%

0.3–0.6 mm
Heavy fraction 34% 5%
Light fraction 66% 9%

3.4. Electrostatic Separation

From Table 4, as expected, it is possible to observe a small amount of conductive
product for the finest grain size (<0.3 mm). This low efficiency can be explained due
the fact that metals have a high mechanical strength and the fine material resulting from
comminution mainly consisted of fiberglass.

Table 4. Weight percentage of the products and losses obtained by electrostatic separation and
their yield.

Class Size Products Class Yield

>1.18 mm
Conductive 64% 10%

Nonconductive 36% 6%

<0.3 mm
Conductive 16% 3%

Nonconductive 84% 16%

For the class size >1.18 mm, the conductive product obtained was copper grains
attached to the fiberglass and the epoxy resin. The content of conductive elements (copper)
reached more than 64% (in mass). The nonconductive product had an appearance with a
predominance of polymer and fiberglass.
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3.5. Visual Characterization

For the gravity separation, the macroscope visual observation of the products allowed
us to conclude that the heavy fraction (Figure 3b) was rich in metallic elements (many
filaments from electronic connectors) and had a low quantity of nonmetallic elements.
However, metallic elements were also visible in the light fraction (Figure 3a), but in reduced
amounts. In both cases, the separations were satisfactory.

Figure 3. Light fraction (a) and the heavy fraction (b) resulting from gravity separation for the class
size of 0.3–0.6 mm.

Nonetheless, for the electrostatic separation, it can be seen in Figure 4b that the product
obtained was composed mostly of metals in copper color and some in gray/silver color.
On the other hand, the nonconductive fraction, as can be observed in Figure 4a, was mainly
made up of a mix of resin and fiberglass, having a green dark color.

Figure 4. Nonconductive (a) and conductive (b) products resulting from electrostatic separation for
the class size <0.3 mm.

3.6. Chemical Characterization

Table 5 shows the mean concentrations of metals in the metal-enriched products
resulting from gravity (heavy fraction) and electrostatic separation (conductive), and it is
possible to also observe the yield of each product in terms of percentage considering all
PCB weight. The chemical analysis was performed to determine the concentrations of Cu,
Pb, Ta, Au, Sn, and Al. Ni was found in connectors having a double layer metallic coating
with gold; therefore, to evaluate the liberation between Ni and Au, this element was also
included in the chemical analysis whose results showed a presence of nickel in all the grain
size fractions.
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Table 5. Metal content (%) of the enriched products. (n.i. = not identified).

Class
Size (mm)

Operation
(Product) Yield *

Concentration (%)

Cu Pb Ta Au Sn Al Ni Others

>1.18 Electrostatic
(Conductive) 10% 56.1 ± 4.3 0.001 ± 0.001 n.i. 0.01 ± 0.005 3.1 ± 2.6 3.1 ± 0.6 0.3 ± 0.1 37.3 ± 7.6

0.6–1.18
Gravity
(Heavy

Fraction)
29% 64.5 ± 0.4 n.i. 0.15 ± 0.15 0.05 ± 0.04 8.8 ± 0.7 1.6 ± 0.1 0.42 ± 0.02 24.4 ± 1.3

0.3–0.6
Gravity
(Heavy

Fraction)
5% 75.3 ± 1.25 0.03 ± 0.02 0.6 ± 0.22 0.17 ± 0.06 11.10 ± 0.92 1.58 ± 0.05 0.68 ± 0.2 10.5± 2.7

<0.3 Electrostatic
(Conductive) 3% 80.5 ± 0.42 0.06 ± 0.005 0.6 ± 0.07 0.17 ± 0.02 4.55 ± 0.7 2.12 ± 0.08 0.65 ± 0.05 11.4 ± 1.32

* Yield on the total weight of products.

From Table 4, it is evident that the finer the particle size resulting from the comminu-
tion, the higher the probability of obtaining a greater amount of “free grain,” and therefore
a higher efficiency in the separation processes.

Copper is the metal with the most abundant concentrations in the PCB, having been
found with a content in the conductive product of 80% for the class size of <0.3 mm and
56% for >1.18 mm. The concentration by gravity separation was between 64% and 75%, for
0.6–1.18 and 0.3–0.6 mm, respectively.

The relationship between particle size and metal concentration after separation pro-
cesses for lead and tantalum showed that the greater the particle size, the lower the
concentration amount. Gold was found in similar quantities in the two smaller particle
sizes from the different separation processes, as well for nickel. Regarding the influence
of particle size on tin concentration, it was higher in intermediate particle sizes. However,
aluminum had the greater concentration grade in the coarser particle size resulting from
electrostatic separation.

Considering the analyzed metallic element of Table 4, and their weight for the 75%
on the enriched products mass, they were constituted by 65% of copper, 7.5% of tin, 2%
of aluminum, 0.4% of nickel, 0.3% of tantalum, 0.08% of gold, and 0.01% of lead. The
remaining 25% may contain fiber glass, epoxy resin, plastic, ceramic, and other metals
not analyzed. In terms of price, gold represents 82% of the enriched product total price,
followed by Cu (11%), Sn (5%), and Ta (1.5%). The presence in high concentrations of
metals and their market value are the impetus for the development of an enrichment and
recovery system of metals in a PCB.

The metallic fraction, also considering the magnetic product, represents 35.3% of the
products yield, and according to Table 1: the composition of a PCB, it probably means a
high-grade PCB type, having higher concentrations of metals.

4. Conclusions

Printed circuit boards are present in almost all WEEE, being a material with high
metals concentrations. They represent a significant fraction of the economic value of
the total electronic waste, making PCB scrap economically attractive for recycling. It
conserves natural resources as it prevents new minerals from being extracted, and it is a
great contribution to the circular economy.

The studied process was composed of pre-processing, formed by dismantling, com-
minution, and classification of the material in different granulometric sizes. Then, magnetic,
gravity, and electrostatic separation were performed and chemically evaluated.

The found weight loss during all the processes was about 15% of the initial weight.
During physical separation processes, losses can reach amounts of 10–35% [34]. To increase
the efficiency of the mechanical pre-treatment plants, a material loss evaluation during the
shredding and separation steps would be necessary to analyze in further works.

From gravity separation, the heavy fraction showed a metallic concentration of 76%
for the class size of 0.6–1.18 mm and 89% for the 0.3–0.6 mm class size.
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The conductive material, from electrostatic separation, had metal concentrations of
about 88% for the class size <0.3 mm and 62% for the >1.18 mm one. This lower content for
the coarsest grain size may be explained by the nonmetallic particles being attached to the
metallic elements, in other words, the grains were not free.

This work presents interesting results in terms of the application in industrial materials
recovery processes, specifically for metals present in PCBs. From a research point of view,
the integration between this first pre-treatment validation and refining chemical processes
will be explored in the future with a combined approach.
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Abstract: Waste generated in fine wool production is homogeneous and without contamination,
which increases its chances of reuse. Waste mineral wool from demolition sites belongs to the specific
group of waste. However, the storage and collection require implementing restrictive conditions,
such as improper storage of mineral wool, which is highly hazardous for the environment. The study
focuses on the leachability of selected pollutants (pH, Cl−, SO4

2−) and heavy metals (Ba, Co, Cr, Cu,
Ni, Pb, Zn) from the waste mineral wool. As a solution to the problem of storing mineral wool waste,
it was proposed to process it into wool-based geopolymer. The geopolymer, based on mineral wool,
was also assessed regarding the leaching of selected impurities. Rock mineral wool is very good
for geopolymerisation, but the glass wool needs to be completed with additional components rich
in Al2O3. The research involved geopolymer prepared from mineral glass wool with bauxite and
Al2O3. So far, glass wool with the mentioned additives has not been tested. An essential aspect of the
article is checking the influence of wool-based geopolymer on the environment. To investigate the
environmental effects of the wool-based monolith and crushed wool geopolymers were compared.
Such research has not been conducted so far. For this purpose, water extracts from fragmented
geopolymers were made, and tests were carried out following EN 12457-4. There is no information
in the literature on the influence of geopolymer on the environment, which is an essential aspect of
its possible use. The research results proved that the geopolymer made on the base of mineral wool
meets the environmental requirements, except for the pH value. As mentioned in the article, the
geopolymerisation process requires the dissolution of the starting material in a high pH (alkaline)
solution. On the other hand, the pH minimum 11.2 value of fresh geopolymer binder is required
to start geopolymerisation. Moreover, research results analysed in the literature showed that the
optimum NaOH concentration is 8 M. for the highest compressive strength of geopolymer. Therefore,
the geopolymer strength decreases with NaO concentration in the NaOH solution. Geopolymers glass
wool-based mortars with Al2O3 obtained an average compressive strength of 59, the geopolymer
with bauxite achieved about 51 MPa. Thus, Al2O3 is a better additional glass wool-based geopolymer
than bauxite. The average compressive strength of rock wool-based geopolymer mortar was about
62 MPa. The average compressive strength of wool-based geopolymer binder was about 20–25 MPa.
It was observed that samples of geopolymers grout without aggregate participation are characterised
by cracking and deformation.

Keywords: production waste; rock wool; glass wool; loss on ignition; pollutants washout; geopolymer

1. Introduction

Proper waste management should be directed on priority circular economy. The main
principle of circular economy is to maintain the value of raw materials, ready-made goods,
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and finished products if possible while minimising waste. The generated waste, however,
should be reused, i.e., recycled. In 2020, 123 million tons of waste was generated, including
109.47 thousand tons from various economic activity branches; as for the construction
industry, 7.3 million tons was generated in 2020. It is an increase of 60% compared to
2019 [1].

Mineral wool is a popular construction material, so it often functions in waste man-
agement obtained at the construction site. The producer is responsible for the entire waste
management process (usually the contractor on the construction site) and becomes the
owner of the waste at the time of its production. In addition, he is responsible for the costs
associated with managing and storing the waste [2].

According to the applicable regulations, construction waste management should be
based on the waste management hierarchy. At the very beginning, the institution causing
waste production should prevent its generation at every production stage (in the case of
mineral wool, it is a factory producing it for the construction of buildings). In the next
step, the waste owner should be prepared to reuse it, applying the principle of proximity
(process them at the point of origin). In practice, many waste materials are reused at the
construction site to save construction costs. However, it should be noted that the recycled
material to be reused for construction purposes needs to undergo control tests determining
its mechanical and physical properties. Ultimately, it all comes down to recycling, which
is currently crucial to waste management. Unfortunately, wool as waste is generally put
into storage. For the environment, it is the least favourable solution. It occupies space
in landfills, thus leaving less and less room for people and all other creatures inhabiting
the Earth.

As part of the search for a replacement, fewer emission binders for concrete produc-
tion developed geopolymers in construction. However, the practical application of these
materials is still minimal. The production of every ton of cement puts one tonne of CO2
into the atmosphere [1,3,4]. According to various estimates, the synthesis of geopolymers
absorbs 2–3 times less energy than Portland cement and causes liberation of 4–8 times less
CO2 [1,5–7].

The first geopolymer applications can be dated to the beginning of the 1970s. At that
time, fire-resistant chipboards were developed with a wooden core covered with two
geopolymer coatings. In 1978–1980, a metakaolin-based liquid geopolymer binder con-
taining a soluble alkali silicate was developed at the Cordis-Laboratory. It was the first
mineral resin produced [8,9]. Rocla has developed a technology for producing sewage
pipes from steel-reinforced geopolymers [9]. They have successfully produced pipes with
diameters ranging from 37.5 cm to 1.8 mm and adapted the conventional concrete pre-
stressing technology to make railway sleepers from GPC prestressed geopolymer concrete.
Geopolymer sleepers have been alternated with conventional sleepers on the main track
line since 2002, and no problems were identified [10]. Currently, low-profile sleepers made
of GPC are being developed as an alternative to wooden sleepers. The Czech Repub-
lic has developed a new inorganic binder system for self-hardening masses based on a
geopolymer binder, a viscous liquid with a low degree of polymerisation used to prepare
self-hardening masses. As a result of the hardener, polymerisation increases and a polymer
with a high binding capacity is formed. These materials enable foundries to produce cores
from self-hardening materials ecologically and economically [11]. Attempts have also been
made to use geopolymer materials in drilling, mining, and hydro-technical construction
for strengthening and sealing [12,13]. Alkaline activated geopolymer concrete has been
commercialised in Australia under E-Crete (TM) name and is very popular among cus-
tomers. E-Crete (TM) concrete reduced greenhouse gas emissions in concrete production by
nearly 80% compared to concretes made of Portland cement [1]. Until now, many different
types of surfaces have been made of geopolymers, such as pavements, playgrounds slabs,
building foundations, and many others. Rocla was the first company globally to launch
geopolymer concrete products on a commercial scale [3]. In Australia, at the University of
Global Change Queensland (GCI), the world’s first public utility building was designed

204



Materials 2022, 15, 2050

and constructed in 2013; the structural elements made of geopolymer concrete were used
in building constructions.

Geopolymer mixtures have good fluidity, which allows for an accurate representation of
the form and the possibility of obtaining surfaces with various degrees of smoothness [3,4,12–20].
The concrete produced on the base of the geopolymer binder does not undergo the phe-
nomenon of shrinkage cracks [12,18,19]. Geopolymer concrete is characterised by high
compressive strength, minimal shrinkage and negligible creep, better adhesion and high
resistance to acid and sulphate corrosion [1,3–6,11–13,16–19,21–29]. Some researchers also
found that this concrete is also resistant to carbonate corrosion and possesses a very high
fire resistance [15] and a high resistance to UV radiation [30]. Therefore, it is possible to
the printing of geopolymers [22]. Geopolymers have excellent pouring properties and
perfectly match even complex forms. In addition to the applications mentioned above,
they are also used to produce various types of small-sized products, such as decorative
elements. They have also found their use as injections strengthening the soil. In addition,
geopolymer concrete is used to immobilise hazardous waste, including radioactive waste.
The availability of several geopolymer-based products will increase rapidly, mainly due to
the properties of this material and the fact that an increasing number of enterprises and
part of the society are beginning to become convinced of this type of product.

Geopolymers are inorganic polymers formed by combining aluminosilicate with an
activator and water. A geopolymer recipe could be based on a variety of aluminosilicate ma-
terials. The geopolymer microstructure considers an aluminosilicate polymer, synthetically
produced using silicon (Si) and aluminium (Al), geologically acquired from minerals. The
chemical composition of the geopolymer is similar to the chemical composition of zeolite,
but the structure of the geopolymer is different [27]. The process of geopolymerisation is a
chemical reaction between an alkali solution and a source material containing aluminosil-
icate (FA). It gives a three-dimensional polymeric chain and ring structure consisting of
Si–O–Al–O bonds, as reported by Scheme 1 [30,31]:

- PSDS Si-O-Al-O-Si-O-Si-O—poly(sialate-disiloxo),
- PSS Si-O-Al-O-Si-O—poly(sialate-siloxo),
- PS Si-O-Al-O—polysialate.

Scheme 1. Structure of polysialates [29].

The reactions can occur at room temperature. Therefore, it can be considered energy
and source efficient and much cleaner. Two main categories of the division of geopolymers
are accepted. The first one considers the elementary units of polymeric chains [5,28,29,32].

The second classification of geopolymers concerns their origin and, more specifically,
the type of pozzolanic aluminosilicate material. The oxides of silicon and aluminium
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constitute the bases of the geopolymer composition, and the additives of metal cations such
as sodium or potassium constitute the stabilising material here.

Table 1 presents the chemical composition of the three most popular and most readily
available materials from which geopolymeric cement can be produced. As it is evident,
the contents of individual oxides are similar. All three are built on the base of silicon and
aluminium oxides.

Table 1. Chemical composition of the geopolymeric cement [33,34].

Mineral Composition SiO2 Al2O3 Fe2O3 TiO2 CaO K2O MgO SO3 Na2O P2O5

Fly ash 53.70 32.90 5.50 2.10 1.84 1.76 0.92 0.46 0.37 0.15
Metakaolin 52.00 45.00 0.50 1.50 0.40 0.05 0.20 0 0.15 0
Meta-clay 64.80 13.70 4.90 0 1.00 4.00 2.60 0 0.20 0

Due to this criterion, we distinguish geopolymers formed on the base of the following:
fly ash, metakaolin, various types of rocks, volcanic agglomerates, silicas, fossil materials.
Geopolymers are also from rock materials such as phosphorites [34] or pozzolanic vol-
canic ashes [35,36]. An important step forward was the use of geopolymer technology in
waste management. Establishing the geopolymer recipe on industrial waste brings many
environmental benefits and reduces costs related to waste management [3,4,12–14,17–20].
In producing geopolymers, such wastes as fly ash, diabase scrubbers [37] or bio-carbon
resulting from biomass [38] are used.

From a chemical and mineralogical point of view, mineral rock wool is an ideal material
for geopolymerisation (Table 2).

Table 2. Chemical composition of the mineral wool.

Mineral Composition SiO2 Al2O3 Fe2O3 TiO2 CaO K2O MgO SO3 Na2O P2O5

Glass wool 65.3 2.1 0.1 0.0 8.1 0.7 2.4 0.0 16.4 0.0
Rock wool 43.8 16.4 5.4 0.5 21.83 0.21 9.7 0.0 1.9 0.1

However, in the case of glass wool, Al2O3 is too low, and it is necessary to add another
waste or natural component rich in Al2O3. Moreover, the essential factors which affect the
process of geopolymerisation are given below [34,35]:

• Type of raw materials containing aluminosilicate
• The surface area of solid raw materials
• Glassy phase content in the raw material
• Amount of aluminium and reactive silicon
• Presence of iron, calcium, and inert particles in FA
• Curing temperature and pressure
• Duration of curing
• Type of curing (conventional heating or microwave heating)
• Type and concentration of alkalies
• Alkaline liquid-to-raw material ratio
• H2O to Na2O molar ratio
• Water to Geopolymer solids ratio
• Na2O to SiO2 ratio
• SiO2 to Al2O3 ratio

The properties of geopolymers depend on the type of base material, the type and
amount of activator used and their production technology, i.e., mixing time, material
fragmentation, hardening temperature, humidity, hardening time and the amount of
added water [3,4,9,12–14,17–20]. In addition, types of used alkaline activators, such as
NaOH solution, KOH solution, a mixture of NaOH solution-water glass, and a mixture of
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KOH solution-water glass, are also essential to achieve a high compressive strength the
geopolymers [15].

Moreover, there is the possibility of adjusting the porosity (it is possible to attain
low porosity below 2.5% or high porosity above 20%, depending on needs, up to foaming
geopolymers (as insulating materials) [33,37]. If the geopolymer is foamed in the production
process, it might become lightweight and partly insulating [6,36]. On the other hand, in an
almost pore-free form, the geopolymer may be used to protect walls against moisture and
fungi formation [37–39].

Geopolymers are becoming essential in waste neutralisation technologies, especially
in the neutralisation of hazardous waste [3,5,29,40]. Similarly, as material approved for
use in construction, geopolymers should meet environmental regulations regarding the
environment and human health safety.

The research involved geopolymer prepared from mineral rock and glass wool. The
authors have already attempted to create a geopolymer from the mineral wool of the
publication [6,7]. Depending on the production method, wool geopolymers may have
different properties. For example, due to the high degree of grinding, the wools might have
high strength as of 50 MPa [6] or, due to the addition of other components, they may have a
porous structure which causes the geopolymer to develop different properties [6]. The rock
wool has an adequate proportion of Si and Al to geopolymerisation, but glass wool has
got to a low amount of Al. Therefore, the glass wool needs an additional component rich
in Al2O3. As a source of Al, the bauxite was used. So far, glass wool with the mentioned
additives has not been tested.

The leachability of wool and wool-based geopolymers was checked. Such research
has not been conducted so far. Moreover, that is also new, and the article compares the
vulnerability of mineral wool and geopolymer made of mineral wool to the leaching of
soluble components. The geopolymer was washed out in a comminated form (crushed
geopolymer pieces <10 mm). The study allowed us to determine the size and type of
harmful substances that may negatively affect soil, groundwater, and surface waters.

The second part of the research investigated the mechanical properties of glass or rock
wool-based binder and mortar.

2. Materials and Methods

2.1. Materials
2.1.1. Mineral Rock and Glass Wool

The materials used for the tests were waste generated in the mineral wool production
cycle. Rock wool (Figure 1a) and glass wool (Figure 1b) were tested.

According to the current Regulation [41], the examined wastes were assigned the
10 12 99 for rock wool and 10 11 03 for glass wool. These are non-hazardous waste. The
advantage of the tested waste is its homogeneity and high purity. The manufacturer
has introduced waste segregation at the “source” in the production cycle. However, the
production cycle cannot use the tested waste due to its form. So far, it has been mainly
deposited in landfills for non-hazardous and inert waste and stored in separate quarters
due to their character and properties.

The wool density was 10 kg/m3. Mineral wool has a low coefficient of thermal con-
ductivity (so-called lambda, λ). Products made of glass or rock mineral wool, most found
on the market, have a thermal conductivity coefficient in the range of 0.030–0.045 W/(m·K).
In the next stage of research, the chemical composition was checked. The investigated
compositions of tested wools are given in Table 2. The chemical compositions of the rock
and glass wool were also determined using the ICP-OES method [7].
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(a) 

 
(b) 

Figure 1. Shredded rock wool (a) glass wool (b) used for tests.

2.1.2. The Methodology of Making Wool-Based Geopolymers

The materials used for the tests were glass and rock mineral wool grounded in a ball
mill as the target geopolymer powder (Figure 2). The wool was ground for one hour in a
Los Angeles drum equipped with additional grinding balls. The density of green wool in
the bulk state was 0.935 kg/dm3.

  

Figure 2. A view of a Los-Angeles drum and ground wool.

In case of an increase of Al in ground glass wool, a bauxite or Al2O3 power was used.
In both cases, Geopolymers were made with ground bauxite or Al2O3 in 15% of grounded
mineral glass wool. The geopolymers from ground rock wool were prepared without adding
another component.

Bauxite contains overwhelmingly: hydrous aluminium oxides, aluminium hydrox-
ides, clay minerals, and insoluble materials such as quartz, hematite, magnetite, siderite,
and goethite. The aluminium minerals in bauxite can include gibbsite Al(OH)3, boehmite
AlO(OH), and diaspore, AlO(OH). Table 3 presents the chemical composition of tested bauxite.
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Table 3. The chemical composition of bauxite, %.

Al2O3 SiO2 Fe2O3 TiO2 Silica Module; Al2O3/SiO2

36.0 15.6 20.7 1.5 2.32

The geopolymerisation process requires the dissolution of the starting material in a
high pH (alkaline) solution, and thus pH values of fresh geopolymer pastes are usually
11.2–13.2 [37,38]. Sodium oxide reacts exothermically with cold water to produce a sodium
hydroxide solution. A concentrated solution of sodium oxide in water will have pH 14.
Na2O + H2O → 2NaOH. When the OH- concentration of the aqueous solution is reduced
by ten times, pH is decreased by only one. According to publications [1,3,7,19,24–31,37],
NaOH and soda-silicon water glass are adequate alkane sources to achieve the high com-
pressive strength of geopolymers. The study [37] analysed the effect of NaOH concentration
(6–14 M) on the mechanical properties of kaolin geopolymers. Compressive strength results
showed that the optimum NaOH concentration is 8 M. Moreover, according to research re-
sults [3,4,11–14,16–19,37–40,42,43], the soluble glass to 8 M of NaOH solution ratio should
be around 2.5 to give geopolymers high compressive strength [37,40]. Therefore, such
recommendations were adopted to design the ratio of the alkaline solution in the anal-
ysed studies.

For the preparation of paste and mortar was used 450 g of ground wool were and
225 g of alkaline solution were mixed previously in a magnetic stirrer (Figure 3b). The
grounded wool to alkali weight ratio was 0.5. The alkaline solution was cooled down to
20 degrees Celsius before ground wool. The paste and mortar were mixed according to the
methodology described in EN-196-1 [44]. The value of pH of fresh geopolymers was also
tested (Figure 3a).

  

(a) (b) 

Figure 3. (a) The view of pH-value of fresh geopolymers; (b) alkaline solution in magnetic stirrer.

In the case of geopolymer mortar, normalised sand according to EN-196-1 was used in
an amount of 1350 g.

The slump flow of mortars was measured before and after the table was jolted (accord-
ing to EN 1015-3 [45]).

The geopolymer paste and mortar was formed as 20 mm × 20 mm × 160 mm
(Figure 4a) and 40 mm × 40 mm × 160 mm (Figure 4b) specimens, respectively, and
were heat-treated for 48 h at 70 ◦C.
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(a) (b) 

Figure 4. Geopolymer binder (a) mortar (b) with rock wool with bauxite (top sample) and with Al2O3

(downsample).

The tested geopolymers had been matured in laboratory conditions for 26 days. The
air temperature of 20 ◦C and humidity was about 50%. After that time, they were crushed
(Figure 5a,b), then water extracts were made.

 
(a) 

 
(b) 

Figure 5. Geopolymer rock wool binder with the addition of bauxite (SG_B), fragmented form (a),
Geopolymer Rock wool binder with the addition of Al2O3 (SG_Al2O3), fine form (b).
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The leachability of pollutants from geopolymers produced on the base of waste mineral
wool might relate to the form in which they occur, translating into a harmful environmental
footprint. In the case of monolithic structures, the leachability level may be determined
by the surface release process and diffusion. However, in the case of fragmented forms,
the leachability of pollutants determines the percolation process. Therefore, the article
also presents.

2.2. Research Methodology
2.2.1. Leachability of Mineral Wool

The research procedure included the preparation of water extracts from waste mineral
wool (rock and glass), executing chemical tests, and assessing criteria to allow the waste
to be stored. The tested waste was mechanically milled for chemical analysis; also, water
extracts were carried out on the pre-prepared samples. The samples were tested for
the content of organic carbon (TOC)—EN 1484:1999 [46]. Loss on ignition (LOI) was
determined according to EN 15935:2013-02 [47]. However, the determination of calorific
value by calorimetric bomb combustion to PN-ISO 1928:2020-05 [48]. The procedure
for preparing water extracts from solid waste was carried out according to EN 12457-
2:2006 standard [49]. Water extracts for waste were prepared at a liquid to solid ratio of
L/S = 10 dm3/kg (basic test). The prepared water extracts were shaken on a laboratory
shaker for 24 h, after which time the obtained extracts were filtered. The leaching liquid was
distilled water with a pH of 7.1 and a specific conductivity of 61.18 μS/cm. The analysis
of water extracts from waste included several determinations. First, the pH of water
extracts was determined using the potentiometric method using the Elmetron CPC-501
apparatus available in Silesian University of Technology in Gliwice, Poland [50]. Chloride
(Cl−) contents were determined by the Mohr method with the use of silver nitrate (V) as
a titration reagent and potassium chromate (VI) as an indicator (PN-ISO 9297:1994) [51].
Determination of sulphates (VI) (SO4

2−) was carried out using the gravimetric method with
barium chloride according to PN-ISO 9280:2002 [52]. Determination of phosphorus was
according to EN ISO 6878:2006 [53]. The sodium, calcium, potassium, lithium, and barium
content in water extracts were determined by flame emission spectrometry—following
PN-ISO 9964-3:1994 [54]. Using the GBC AVANTA PM spectrometer available in Silesian
University of Technology in Poland, trace element concentrations were determined by
flame atomic absorption spectrometry.

2.2.2. The Leachability of the Wool-Based Geopolymer

The execution of water extracts from monolithic and fragmented geopolymers was
executed following the EN 12457-4:2006 standard [49]. Monolithic geopolymers were
mechanically grounded to grain sizes <10 mm. Water extracts were prepared from the
prepared samples with a liquid to solid ratio of L/S = 10 L/kg (basic test). The leaching
liquid was distilled water with a pH of 7.1 and a specific conductivity of 62.18 μS/cm.
The extracts were then shaken on a laboratory shaker for 24 h, and the suspension was
filtered. The analysis of water extracts from fragmented geopolymers covered several
determiners. First, the pH of the solutions was carried out using an Elmetron CPC-501
apparatus [50]. Chloride contents were determined by the Mohr method with the use of
silver nitrate (V) as a titration reagent and potassium chromate (VI) as an indicator (PN-
ISO 9297:1994) [51]. In addition, the determination of sulphates (VI) (SO4

2−) was carried
out with a gravimetric method with barium chloride, according to PN-ISO 9280:2002
standard [52]. The flame emission spectrometry method determined sodium, calcium,
potassium, and barium content in water extracts from ashes and concrete according to
the PN-ISO 9964-3:1994 [54] standard. Using the GBC AVANTA PM spectrometer, trace
element concentrations were determined by flame atomic absorption spectrometry.
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2.2.3. The Mechanical Properties of the Wool-Based Geopolymer

The geopolymers were matured in laboratory conditions for 26 days. Ambient tem-
perature 20 ◦C and humidity around 50%. After 28 days, the flexural and compressive
strength of the wool-based geopolymers binders and mortars were tested (Figure 6) acc.
EN 196-1:2016 [44].

 

Figure 6. The view of the sample of geopolymer mortar under testing of the compressive strength.

3. The Results and Their Discussion

3.1. Mineral Wool Leachability Test Results

Table 4 shows the leachability levels of harmful substances that may become an
environmental hazard. The analysed mineral wool was slightly alkaline and had a relatively
high leachability of chlorides and sulphates.

Table 4. Leachability of harmful substances and heavy metals from the tested mineral wool, expressed
in mg/kg dry weight (except for pH).

Rock Wool Glass Wool

Criteria for Waste Landfilling Acceptance [55]

Neutral
Other Than Neutral

and Hazardous
Hazardous

pH 9.3 10.2 - - -
Chlorides, Cl− 1382.40 2073.60 800 15,000 25,000

Sulphates, SO4
2− 522.48 2678.21 1000 20,000 50,000

Barium, Ba 12.10 248 20 100 300
Zink, Zn <0.05 <0.05 4 50 200

Copper, Cu 0.20 0.40 2 50 100
Lead, Pb <0.30 <0.30 0.5 10 50

Cadmium, Cd 0.14 0.05 0.04 1 5
Chromium, Cr <0.50 <0.50 0.5 10 70

Cobalt, Co <0.50 <0.50 - - -
Iron, Fe <0.20 0.55 - - -

Manganese, Mn <0.20 <0.02 - - -
Nickel, Ni <0.40 <0.40 0.4 10 40

Since the following values are exceeded: chloride (in both types of wool), sulphates (in
glass wool), barium (in glass wool) and cadmium (in rock wool), it can be said that mineral
wool does not qualify for storage at a landfill for inert waste. However, the situation is
different in the case of non-hazardous and inert waste, which is not municipal waste. Based
on the results, it can be concluded that the values obtained using the primary test for Rock
wool (the ratio of liquid to solids equal: 10 L/kg) did not exceed the permissible leaching
limits. Thus, rock wool can be stored in a landfill for non-hazardous and inert waste. On
the other hand, too much barium in a tested sample of glass wool discriminates against it
for storage in this landfill. Therefore, in this case, it must be deposited in a hazardous waste
landfill to ensure that all results do not exceed the leaching limit values. As a curiosity in
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the use of waste mineral wool, the effect of using the addition of mineral wool can be cited
from crops under cover and municipal sewage sludge on water retention and heavy metals.
The average soil’s leaching efficiency (Pb, Zn and Cd) was assessed. Sewage and mineral
sludge Wool, widely used in many soil remediation technologies, has been found to have
a beneficial and diversified influence on soil water properties and the mobility of heavy
metals [56].

Table 5 presents the parameters considered as additional criteria allowing waste to be
stored in non-hazardous and inert landfills. Again, a much more significant loss on ignition
of glass wool relative to rock wool can be seen. On the other hand, the opposite situation
occurs in the case of organic carbon, where rock wool has a much more significant amount
(Rock wool contains more organic compounds than glass wool). Therefore, both glass wool
and rock wool meet the requirements for waste destined for storage in landfills other than
neutral and hazardous.

Table 5. Chemical properties of mineral wool that allow for depositing in landfills for non-hazardous
and inert waste.

Component Unit Rock Wool Glass Wool Limit Values [55]

Loss on ignition (LOI) % dry mass 5 7 8
Total Organic Carbon (TOC) % dry mass 4 3 5
Gross calorific value (GCV) MJ/kg dry mass 0 2 6

Determination of the ignition loss at 950 ◦C is an essential parameter for waste in
construction. In addition, it is a fire safety parameter. Loss on ignition at 950 ◦C temperature
for rock wool was at a loss of 4.59%, while it was at 7.88% for glass wool. The rock wool
mineral residue had a loose consistency, and it can be stated that it was like sand (Figure 4a).
On the other hand, glass wool at the temperature of 950 ◦C had a liquid consistency;
it underwent vitrification (Figure 7b).

  
(a) (b) 

  
(c) (d) 

Figure 7. Residue from Loss on Ignition (LOI) at 950 ◦C, (a) rock wool, (b) glass wool; wool residue
after thermal analysis at 815 ◦C without oxygen, (c) rock, (d) glass.
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As part of the research, the content of volatile elements was determined. The volatile
element content for Rock wool was at the level of 3.74%, while about 5.82% for glass wool.
When analysing the samples after denoting, carbonisation of the samples was observed
(Figure 4c,d). The conducted analyst in thermal transformation confirmed that the material
is non-flammable rock wool is characterised by a higher leachability of selected elements
than glass wool.

Only the content of phosphorus was higher for glass wool. The difference can be seen
in the lithium content, almost 17 times higher in rock wool (Table 6). All the results met the
required conditions regarding the acceptable limit values for waste intended to be stored
in landfills.

Table 6. Leachability of selected elements (mg/L) from the tested waste.

Rock Wool Glass Wool Permissible Limit Values [57]

Sodium, Na 87.60 85.18 800
Potassium, K 11.60 3.55 80

Lit, Li 2.20 0.13 -
Calcium, Ca 315.20 37.78 -

Phosphorus, P 0.07 0.71 2

3.2. The Results of the Study of Leaching Mineral Wool-Based Geopolymer

Similar studies of the leachability of geopolymers made from mineral wool have not
been carried out. This is the first study to assess the environmental effects of mineral
wool-based geopolymer. The leachability of metals depends on the pH of the material in
which they are immobilised. The paper [58] presents the results obtained in the pH leaching
test. It assesses the influence of pH changes and occurring processes on releasing heavy
metals (Cd, Ni, Cr total, Pb, Cu and Zn) from metallurgical slag in a zinc smelter. Based on
test results obtained in the pH test, a strong dependence of heavy metals leaching on the
pH was found. The highest concentrations of the analysed elements were observed in an
acidic environment. For most metals, except for lead, an increase in the pH of the solution
caused a decrease in their concentration. Lead showed an upward trend of release under
alkaline conditions. A sharp increase of copper leaching at pH 10.5 was also observed.
Based on the study results, cadmium can be considered the most mobile element from
metallurgical slag. Chromium indicated the lowest degree of release.

The results of the leachability test (Table 6) were compared to the highest permissible
rates of pollution in sewage discharged into water or soil. The water extract of geopolymer
binders (SG_B and SG_Al2O3) was characterised by a strongly alkaline pH value, exceeding
the permissible values. The remaining ions are eluting themselves in amounts lower than
the limit values. The analysis of the test results presented in Tables 7 and 8 proves that the
geopolymer made of mineral wool meets the requirements in terms of chloride, sulphate,
phosphorus, potassium, calcium, lithium, and barium concerning pollution indicators in
wastewater discharged into water or soil. Unfortunately, the pH value and sodium content
exceed the acceptable environmental standards.

Table 8 summarises the results of studies on the leachability of heavy metals from
the geopolymer. The research results on the content of heavy metals in water extracts
showed that the rock wool geopolymers in the comminute form meet all the requirements
in this regard.

Table 9 shows the leachability of harmful substances from the monolithic geopolymer
mortar. The obtained results were related to the leachability of monolithic cement mortars
based on Portland cement. The geopolymer mortar was characterised by a high reaction
value (pH > 11). The exceedance was also noted for barium, and its content exceeds
four times the permissible value. However, the remaining substances do not exceed the
allowable values of water and soil.
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Table 7. Leachability of pollutants from ground rock wool-based geopolymer binders expressed as
mg/L dry weight (except for pH).

Parameter SG_B SG_Al2O3 Highest Permissible Value [57]

pH 12.2 12.3 6.0–9.0
Chlorides, Cl− BLQs * BLQs * 1000

Sulphates, SO4
2− 298.40 341.19 500

General phosphorus, P 0.07 0.07 2
Potassium, K 180.00 79.17 80
Calcium, Ca 965.83 982.50 -

Lit, Li 12.50 12.50 -
Sodium, Na 2715.83 2745.17 800
Barium, Ba BLQs * BLQs * 7

The sum of chlorides and
sulphates, (Cl + SO4) 298.40 341.19 1500

BLQs *—below the limit of quantification.

Table 8. Leachability of heavy metals (mg/L) from geopolymer rock wool binders in a commi-
nated form.

Parameter SG_B SG_Al2O3 Highest Permissible Value [57]

Zinc, Zn 0.04 0.08 2
Copper, Cu 0.03 0.04 0.5

Lead, Pb <0.30 <0.30 0.5
Cadmium, Cd <0.005 <0.005 0.2
Chromium, Cr 0.07 0.07 0.1

Cobalt, Co <0.05 <0.05 1
Iron, Fe 0.03 0.05 10

Molybdenum, Mn <0.02 <0.020 1
Nickel, Ni <0.04 <0.04 0.1

Table 9. Leachability of harmful substances for monolithic rock wool geopolymer mortar, expressed
in mg/L dry weight (except for pH).

Parameter CEM I ZG_B Highest Permissible Value [57]

pH value 10.7 11.5 6.0–9.0
Chlorides, Cl− 529.92 161.28 1000

Sulphates, SO4
2− 109.84 63.36 500

General phosphorus, P. 0.73 0.33 2
Potassium, K. 23.20 10.50 80
Calcium, Ca 546.20 158.50 -

Lit, Li 1.80 3.00 -
Sodium, Na 1803.40 371.50 800

Bar, Ba 24.40 30.50 7
Sum of chlorides and sulphates,

(Cl + SO4) 639.76 224.64 1500

The leachability of heavy metals from the monolithic form of geopolymers is presented
in Table 10. The content of heavy metals in water extracts from geopolymer mortar did not
exceed the permissible values. Therefore, it can be said that they do not pose a threat to the
natural environment.

The rock wool and glass wool show different leachability performances for each ion
because their base composition is very different [7]. Table 11 The chemical composition of
rock wool and glass wool, determined by ICP-OES.
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Table 10. Heavy metal content (mg/L) in water extracts for monolithic rock wool geopolymers.

Parameter CEM I ZG_B Highest Permissible Value [57]

Zinc, Zn 0.17 0.13 2
Copper, Cu 0.09 <0.02 0.5

Lead, Pb <0.30 <0.30 0.5
Cadmium, Cd <0.005 <0.005 0.2
Chromium, Cr 2.33 <0.05 0.1

Cobalt, Co <0.05 <0.05 1
Iron, Fe 0.53 <0.02 10

Molybdenum, Mn <0.02 <0.02 1
Nickel, Ni 0.13 <0.04 0.1

Table 11. The chemical composition of rock wool (RW) and glass wool (GW), determined by ICP-
OES [7].

Chemical Component Rock Wool (RW) Glass Wool (GW)

Ca, ICP (g/kg) 125 20.1
Si, ICP partial solution (g/kg) 0.4 0.4

Al, ICP (g/kg) 85.6 0.3
Fe, ICP (g/kg) 61.3 0.9
Na, ICP (g/kg) 10.4 68.2
K, ICP (g/kg) 3.7 3.7

Mg, ICP (g/kg) 75.8 3.9
P, ICP (g/kg) 0.3 <0.020
Ti, ICP (g/kg) 3.5 <0.050
S, ICP (g/kg) 0.1 3.8

Ba, ICP (g/kg) 0.2 1.3
Mn, ICP (g/kg) 1 0.5

As, ICP (mg/kg) <3 <3
Cd, ICP (mg/kg) <0.3 <0.3
Cr, ICP (mg/kg) 280 2.3
Cu, ICP (mg/kg) 34 8.8

Hg, CVAAS (mg/kg) <0.04 <0.04
Ni, ICP (mg/kg) 49 1.8
Pb, ICP (mg/kg) <3 3.7
Zn, ICP (mg/kg) 47 430
B, ICP (mg/kg) 8.9 6260
Be, ICP (mg/kg) <1 <1
Co, ICP (mg/kg) 21 2
Mo, ICP (mg/kg) <1 <1
Sb, ICP (mg/kg) <3 <3
Se, ICP (mg/kg) <3 <3
Sn, ICP (mg/kg) <3 <3
V, ICP (mg/kg) 170 <2

Note: CVAAS represents “cold-vapor atomic absorption spectrometry”.

The presented test results proved that it is possible to store rock wool in a landfill for
non-hazardous and inert waste. However, too much barium in glass wool discriminates
against it for storage in such landfills; therefore, it should be stored in a hazardous waste
landfill. Moreover, the geopolymer is characterised by too high alkalinity due to the
environmental requirements.

The proposed reuse of waste mineral wool in the form of a geopolymer is a solution
that is beneficial for the environment, climate, human health, and economic reasons.

The results of the research on the quality of water extracts made of comminute geopoly-
mer binders based on rock wool show that:

• the pH is at the level of 12.2,
• the content of sulphates (SO4

2−) is present in amounts from 298 to 342 mg/L, depend-
ing on the added recycling material,
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• sodium content was at the level of 2700 mg/L.

On the other hand, geopolymer products are used in the industry, such as PCI-Geofug
geopolymer grout by Basf [59], GeoLite geopolymer mortar by Kerakoll [60], ASTRA
GKB geopolymer concrete [61], also the geopolymer injection as a quick and non-invasive
method of strengthening the ground. It is used in linear (infrastructure) and cubature
construction (industrial, commercial, and residential). It has been successfully used in
Western Europe and Scandinavia for over 40 years. Geopolymer is gaining popularity due
to its exceptional performance parameters and convenience of use: speedy repair time
and minimal nuisance during geoengineering works. Unfortunately, the results of the
leachability test of hazardous substances and heavy metals do not pose a potential threat to
the environment. However, a strongly alkaline reaction and the excess sodium content are
open for further consideration. The authors will lower the alkaline reaction of geopolymer
binders in further research steps. The geopolymerisation process requires the dissolution
of the starting material in a high pH (alkaline) solution, and thus, pH values of fresh
geopolymer pastes are usually 11.2–13.2 [37,38]. Like products based on Portland cement,
the pH must not be too low due to reinforcement corrosions [55]. The concrete is acceptable
for use, although the pH of the water extract is from 9 to 11 (Table 9). Due to environmental
requirements, the value of the concrete solution is also too high, but not as high as in
the case of the geopolymer solution. The authors do not know the pH of the mentioned
above geopolymer products. The authors want to check out it is possible to lower the pH
geopolymer add an acid component to it, but this will drastically reduce its strength. The
authors will analyse this problem in the future. The problem is very significant in terms
of the environment. In the future, the authors will decrease the alkalinity of wool-based
geopolymers to 11.2 according to the suggestion of publication [25,42].

3.3. The Fresh and Mechanical Results of Wool-Based Geopolymer

The slump-flow of glass wool-based geopolymer fresh mortar with Al2O3 or bauxite
was comparable and was about 13 cm (Figure 8). Whereas the slump flow of geopolymer
mortar with rock wool was more significant by up to 3 cm. thus, the type of wool is essential
for the rheological properties of fresh geopolymer. It has been noticed that geopolymers,
due to their high viscosity value, are very resistant to segregation, which is undoubtedly
their great advantage.

 
Figure 8. The view of slump-flow of glass wool-based geopolymer fresh mortar with Al2O3.

The geopolymer was characterised by high adhesion strength to the forms in which
they stayed. The phenomenon of geopolymer adhesion was mentioned in the publica-
tion [18]. It was noticed that geopolymers show more adhesion than materials at the
entrance to cement. This phenomenon may be due to work with the fibres or reinforce-
ment of the geopolymer. Moreover, the geopolymers were highly viscous, especially
with sodium-potassium water glass, which requires careful mechanical concentration.
In Figure 9, pores in the structure of wool-based geopolymers are presented, probably from
under dumping the sample. Despite this, geopolymers glass wool-based mortars with
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Al2O3 (Figure 9) obtained an average compressive strength of 59 MPa and tensile strength
of 4.5 MPa. The geopolymer with bauxite achieved about 51 MPa, and flexural strength
4.1 MPa. Thus, Al2O3 is a better additional glass wool-based geopolymer than bauxite.

  

Figure 9. The view of pores of glass wool-based geopolymer mortar with Al2O3.

The average compressive strength of their binders (tested on 20 mm × 20 mm × 160 mm
samples, Figure 10) was about 20 MPa (in the case of glass wool-based geopolymer with
bauxite). It was observed that samples of geopolymeric binders without aggregate partici-
pation are characterised by cracking and deformation of samples due to shrinkage. The
reason was that the samples were too slender. The shrinkage value is greatly influenced by
the geometry of the samples, especially without aggregate. The compressive strength of
binders with AL2O3 was about 25 MPa.

Figure 10. The view of pores of glass wool-based geopolymer mortar with bauxite.

The average compressive strength of rock wool-based geopolymer mortar was about
62 MPa, and their compressive strength of binder was about 25 MPa and flexural strength
4.8 MPa. It was also noticed that the rock wool thickens better in the moulds, which
translated into a higher value of their strength.

The studies [6,7] show that maximum compressive strengths of 48.7 and 30.0 MPa
were measured for wool-based binders. The binder matrix consisted of aluminosilicate gel
with partly dissolved mineral wool fibres. The maximum flexural strength was 13.2 MPa
for GW and 20.1 MPa for RW. This study shows that high strength can be obtained without
additional co-binders by activating alkali with sodium aluminate solution. Furthermore,
the research carried out by the authors of this publication proved that it is possible to obtain
the strength of the geopolymer, resistant to shrinkage deformation, but after modification
of its composition. The latest achievement of the authors is a wool-based geopolymer with
a strength of 100 MPa, which will be the subject of the following publication.

4. Conclusions

Due to the increasing necessity to reduce CO2 emissions and the energy consumption
of buildings, the consumption of mineral wool in construction is increasing. Mineral wool
is a waste material that meets the requirements for storage; however, it is not the direction
to be followed when considering the future. In line with the closed-loop policy and the
increasing need to reuse materials, the goal is to recycle them, also due to the decreasing
availability of the waste storage area.
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The carried-out research results proved that:

• It is possible to store rock wool in a landfill for non-hazardous and inert waste. How-
ever, in this case, too much barium in a glass wool sample discriminates against
it for storage in a non-hazardous landfill; storing it in a hazardous waste landfill
seems necessary. Leachability tests were performed to investigate the environmental
effects of the wool-based monolith and crushed forms of wool-based geopolymers.
The geopolymer was washed out in a comminated form (crushed geopolymer pieces
<10 mm). The study allowed us to determine the size and type of harmful substances
that may negatively affect soil, groundwater, and surface waters.

• The proposed use of wool for geopolymer binders is a correct solution for environmen-
tal reasons. The geopolymer meets the guidelines of the Regulation of the Minister of
Maritime Economy and Inland Navigation of 12 July 2019, on substances particularly
harmful to the aquatic environment and the conditions to be met when discharging
sewage into waters or soil. As well as during the discharge of rainwater or meltwater
into waters or water facilities (Journal of Laws 2019, item 1311), except for the pH,
the maximum permissible value of which should be 9.0, and the sodium content, the
ultimate value of which should be 800.

• Due to their high viscosity value, the wool-based geopolymers are resistant to seg-
regation, which is undoubtedly their great advantage. Moreover, the geopolymer is
characterised by high strength of adhesion. Therefore, the type of wool is essential
for the rheological properties of fresh geopolymer. Moreover, the geopolymers were
characterised by high viscosity, requiring careful mechanical concentration.

• Geopolymers glass wool-based mortars with Al2O3 obtained an average compressive
strength of 59, the geopolymer with bauxite achieved about 51 MPa, and flexural
strength 4.1 MPa. Thus, Al2O3 is a better additional glass wool-based geopolymer
than bauxite. Moreover, Al2O3 may also be used as a waste material, which contributes
to the eco-friendliness of the geopolymer.

• The average compressive strength of rock wool-based geopolymer binder was about
20 MPa. It was observed that samples of geopolymers grout without aggregate
participation are characterised by cracking and deformation. The average compressive
strength of rock wool-based geopolymer mortar was about 62 MPa, their binder’s
compressive strength was about 25 MPa, and flexural strength was 4.8 MPa.

The compressive strength of geopolymer results [37] showed that the optimum NaOH
concentration is 8 M. The geopolymer strength decreases with NaO concentration in the
NaOH solution. As mentioned in the article, the geopolymerisation process requires the
dissolution of the starting material in a high pH (alkaline) solution. Thus, the pH values of
fresh geopolymer pastes are usually 11.2–13.2 [37,38]. Therefore, an attempt will be made
to lower the wool-based geopolymer alkalinity to 11.2. Although it still does not meet the
environmental requirements [1,57]. However, the problem needs future research.

In the following research steps, Al2O3 will be replaced with a waste material that
predominantly contains the same compound to create a glass wool geopolymer from waste
materials only.

Further modifications aim to replace the sand of geopolymer mortar with material
derived from waste, in line with the goals of sustainable development and the protection of
natural resources.
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35. Szechyńska-Hebda, M.; Marczyk, J.; Ziejewska, C.; Hordyńska, N.; Mikuła, J.; Hebda, M. Optimal Design of pH-neutral

Geopolymer Foams for Their Use in Ecological Plant Cultivation Systems. Materials 2019, 12, 2999. [CrossRef] [PubMed]
36. Rashad, A.M. The effect of polypropylene, polyvinyl-alcohol, carbon and glass fibres on geopolymers properties. Mater. Sci.

Technol. 2019, 35, 127–146. [CrossRef]
37. Yong, H.C.; Hussin, K.; Abdullah, M.M.A.B.; Bnhussain, M.; Musa, L.; Ismail, K.N.; Ming, L.Y. Effect of alkali concentration on

mechanical properties of kaolin geopolymers. Rom. J. Mater. 2012, 42, 179–186.
38. Spanou, M.; Luhar, S.; Savva, P.; Ioannou, S.; Petrou, M.F.; Luhar, I.; Nicolaides, D. Diabase Mud-Based Geopolymer Paste:

Formulation and Properties. Mater. Proc. 2021, 5, 77. [CrossRef]
39. Piccolo, F.; Andreola, F.; Barbieri, L.; Lancellotti, I. Synthesis and Characterisation of Biochar-Based Geopolymer. Mater. Appl. Sci.

2021, 11, 10945. [CrossRef]
40. Pacheco-Torgal, F.; Castro-Gomes, J.P.; Jalali, S. Investigations on mix design of tungsten mine waste geopolymeric binder. Constr.

Build. Mater. 2008, 22, 1939–1949. [CrossRef]
41. Regulation of the Minister of Climate of 2 January 2020 on the Waste Catalogue (Journal of Laws of 2020, Item 10). Available

online: https://isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=WDU20200000010 (accessed on 27 January 2022).
42. Skvara, R.; Šulc, R.; Tišler, Z.; Skricik, P.; Šmilauer, V.; Zlámalová Cílová, Z. Preparation and properties of fly ash-based geopolymer

foams. Ceram. Silik. 2014, 58, 188–197.
43. Zhang, Z.; Provis, J.L.; Reid, A.; Wang, H. Geopolymer foam concrete: An emerging material for sustainable construction. Constr.

Build. Mater. 2014, 56, 113–127. [CrossRef]
44. EN 196-1:2016; Methods of Testing Cement Determination of Strength. European Committee for Standardization (CEN): Brussels,

Belgium, 2016.
45. EN 1015-3:1999; Methods of Test for Mortar for Masonry. Determination of Consistence of Fresh Mortar (by Flow Table). European

Committee for Standardization (CEN): Brussels, Belgium, 1999.
46. EN 1484:1999; Guidelines for the Determination of Total Organic Carbon (TOC). European Committee for Standardization (CEN):

Brussels, Belgium, 1999.
47. EN 15935:2013-02; Determination of Loss on Ignition (LOI). European Committee for Standardization (CEN): Brussels, Bel-

gium, 2013.
48. PN-ISO 1928:2020-05; Determination of Calorific Value by Calorimetric Bomb Combustion and Calorific Value Calculation.

Polish Committee for Standardization: Warszawa, Poland, 2020.
49. EN 12457-2:2006; Characterisation of Waste—Leaching—Compliance Test for Leaching of Granular Waste Materials and Sludges.

Part 2: One Stage Batch Test at a Liquid to Solid Ratio of 10 l/kg for Materials with Particle Size below 4 mm (without or with
Size Reduction). European Committee for Standardization (CEN): Brussels, Belgium, 2006.

50. EN ISO 10523:2012; Determination of pH. European Committee for Standardization (CEN): Brussels, Belgium, 2012.
51. ISO 9297:1994; Determination of Chloride Ion Concentration by Titration (Mohr’s Method). International Organization for

Standardization: Geneva, Switzerland, 1994.
52. PN-ISO 9280:2002; Determination of Sulphates (VI). GRAVIMETRIC Method with Barium Chloride. Polish Committee for

Standardization: Warszawa, Poland, 2002.
53. EN ISO 6878:2006; Determination of Phosphorus. Ammonium Molybdate Spectrometric Method. European Committee for

Standardization (CEN): Brussels, Belgium, 2006.
54. PN-ISO 9964-3:1994; Determination of Sodium, Potassium, Calcium, Lithium and Bar by Flame Photometry. Polish Committee

for Standardization: Warszawa, Poland, 1994.
55. Council Decision of 19 December 2002 Establishing Criteria and Procedures for the Acceptance of Waste at Landfills Pursuant to

Article 16 of and Annex II to Directive 1999/31/EC. Available online: https://eur-lex.europa.eu/legal-content/PL/TXT/PDF/
?uri=CELEX:32003D0033&from=EN (accessed on 27 January 2022).
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Abstract: A large amount of waste slurry is produced during the construction of pipe jacking projects.
To avoid the waste slurry occupying too much urban land, it needs to be rapidly reduced. Due
to the complex composition of waste slurry, the existing dewatering methods face the problem
of low efficiency, and the soil after dewatering is difficult to recycle as soil materials due to high
water content and low strength. There is currently a lack of research on dewatering and resource
utilization of waste slurry from pipe jacking projects. In response to this problem, this paper studies
the flocculation-settling characteristics of waste slurry and the mechanical properties of solidified
sediment. It was found that the anionic polyacrylamide (APAM) 7126 obtained the best separation
effect if the waste slurry contains bentonite, which increases the zeta potential, resulting in poor
separation. Thus, FeCl3·6H2O and APAM 7126 can be used as compound conditioners. The sediment
after settling was further added with 20–30% sulphate aluminum cement (SAC), and the unconfined
compressive strength of the solidified sediment for 3 days could exceed 30 kPa. After flocculation-
settling and solidification treatment, the waste pipe jacking slurry can be quickly dewatered into a
soil material with a certain strength, which provides a reference for engineering applications.

Keywords: waste slurry; flocculation; solidification; pipe jacking

1. Introduction

As a trenchless technology, pipe jacking is increasingly used in the construction of
urban sewage and rainwater pipe networks [1,2]. Slurry is an indispensable material in
pipe jacking projects, which plays the role of balancing the pressure of the excavation
surface, discharging the slag, and lubricating [1,3]. During the construction process, a large
amount of waste slurry is continuously produced, which is likely to contain bentonite,
carboxymethyl cellulose (CMC) and other components [1,4,5]. These components may
affect the separation results, thus requiring more site on which to dispose of the slurry. With
the development of urbanization, there are fewer sites that can be used as slurry storage. It
is necessary to progress the rapid reduction and resource utilization of waste slurry.

Flocculation was initially used in water treatment [6–8], and was gradually applied
in the dewatering of slurry, such as waste dredging slurry [9,10] and waste tailings
slurry [11,12]. Suitable flocculation pretreatment can increase the floc size in slurry and
improve the separation efficiency [9]. Wang et al. [13] used various types of polyacrylamide
(PAM) to treat construction waste slurry. After 7 days of settlement, the water content of
the slurry can be reduced to about 80%. He et al. [14] used cationic PAM to treat waste
slurry and, after 10 min of setting, the volume of slurry can be reduced by 60%. However,
the properties of pipe jacking slurry are special, and it is likely to contain bentonite, CMC,
and so forth. These special components may have a potential impact on the flocculation
and separation of pipe jacking slurry, and corresponding research needs to be carried out.
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In addition, there are many types of commercial flocculants on the market—it is unclear
which flocculant has the best flocculation effect and needs to be studied.

During the flocculation process of slurry, soil particles aggregate to form flocs [15],
which increases the soil–water separation rate. However, due to the limitation of storage
site space, the time of settlement cannot last too long. The water content of sediment
remains high after a short period of settling [13,16], resulting in poor mechanical properties
and cannot be used as soil materials. In some projects, plate and frame filter presses have
been used to dewater the slurry, which can greatly reduce the water content of slurry [17,18].
However, the dewatering efficiency of the filter press is low in some cases, and the problem
of untimely treatment often occurs [19]. Untimely reduction leads to no place to store
excess waste slurry, resulting in the stagnation of construction. Solidification technology
is often used to increase the strength of soft soil [20–23] and has been applied in some
projects [24]. The curing agent converts the excess free water into mineral water through
hydration, which improves the mechanical properties of soft soil. It may be possible to
further treat the flocculated sediment by means of solidification, which could increase the
strength of sediment to make it a reusable soil material. The solidification characteristics
of sediment obtained by slurry flocculation and settling are still lacking, and need to be
studied further.

Based on the problem of unclear flocculation, the sedimentation characteristics of
waste pipe jacking slurry and the unclear strength growth law of the solidification sediment
after sedimentation, this paper carried out relevant laboratory experiments. The waste
slurry produced in two different stages of pipe jacking construction was selected as the
experimental material. Five different conditioners were used to pretreat pipe jacking
slurry, and the sedimentation characteristics were studied. For the sediment obtained by
settling, two solidification agents were used to conduct solidification experiments to study
mechanical properties of the solidified sediment. Based on the above tests, the flocculation-
settling characteristics of pipe jacking waste slurry were studied, and the feasibility of
using a flocculation–sedimentation and solidification combined method to treat waste pipe
jacking slurry was discussed, to provide a reference for related projects.

2. Materials and Methods

2.1. Slurry

In order to study the flocculation–sedimentation and solidification characteristics of
waste pipe jacking slurry, waste slurry from a pipe jacking project in Zhenjiang, Jiangsu
Province, China, was used as the test material. The sampling of the waste slurry at the site
was carried out twice. The first sampling time was on 4 January 2021 (Type I slurry), and
the second was on 26 March 2021 (Type II slurry). According to the construction report
of the pipe jacking project, the construction was excavated to a special stratum in March
2021. To maintain the stability of the excavation surface, more bentonite was added to the
slurry. Therefore, Type II waste slurry was mixed with some bentonite. Table 1 shows the
basic properties of the pipe jacking waste slurry. Particle size distribution of the slurry
was measured by a laser particle size analyzer, the Malvern Mastersizer 2000. The slurry
was diluted to a water content of 300%. The sample was dropped into the Hydro MU
dispersion unit through an eyedropper, and was dispersed by ultrasound and stirring. The
obscuration parameter was kept between 10% and 20% to ensure good quality of the signal.
The pump speed was set as 2000 r/min. The particle size distribution of waste pipe jacking
slurry can be seen in Figure 1. Type II slurry has a smaller particle size because it contains
bentonite, with an average particle size of 7.84 μm, while the average particle size of Type I
slurry is 15.78 μm.
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Table 1. Basic properties of the pipe jacking slurry.

Pipe Jacking
Slurry

Specific Gravity
Liquid Limit

(%)
Plastic Limit

(%)
Organic Matter

Content (%)

Type I 2.58 42.16 22.18 4.68

Type II 2.61 71.22 32.76 4.12

 

Figure 1. Particle size distribution of the pipe jacking waste slurry.

2.2. Conditioners

Four types of commercial polyacrylamide (PAM) were used for flocculation, manufac-
tured by Shanghai Wshine Chemical Co., Ltd., Shanghai, China. Four types of PAM were
recommended by the manufacturer because of their good effect in the reduction of tailings
slurry. Wshinefloc 412VS and 611HN are cationic polyacrylamide (CPAM). Wshinefloc
7126 and 720VJ are anionic polyacrylamide (APAM). The specific parameters of PAM are
shown in Table 2. The flocculant was reconstituted every day, at a concentration of 0.1%
(w/w).

Table 2. Chemical properties of PAM used in this study.

Flocculants
PAM

Characteristics
Molecular

Weight
Solid Content

(%)
Charge Density

(meq/g)

412VS cationic ≥10 million ≥89 1.8–2.2
611HN cationic ≥10 million ≥91 2.5

7126 anionic 16 million ≥89 /
720VJ anionic 12 million ≥89 /

Ferric chloride (FeCl3·6H2O) was used as a coagulant in composite conditioning,
which is produced by Shanghai Yuanye Biological Co., Ltd., Shanghai, China, and its
molecular weight is 270.3 g/mol.

2.3. Solidification Agent

The 425# ordinary Portland cement (OPC) and sulphate aluminum cement (SAC)
were selected as the solidification agent. SAC has a faster hydration rate than OPC,
which can make the solidified soil achieve a higher strength at a shorter curing age. SAC
was used to test whether it can make the sediment reach the required strength earlier in
solidification experiments.

2.4. Flocculation-Settling Experiment

The water content of slurry was initially adjusted to 300% by adding tap water, which
was used to simulate the initial state of slurry produced by pipe jacking construction.
Afterwards, flocculation tests were carried out. The flocculation scheme is shown in Table 3.
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The flocculation test was carried out in a 500 mL beaker. After adding flocculant, the slurry
was stirred at 450 rpm for 2 min. The slurry after flocculation was then subjected to a
sedimentation test. The clear sediment–water interface was used to evaluate the result of
separation during settling, which was recorded by the scale value on the side wall of the
beaker. The sediment below the sediment–water interface is considered to be the product
after slurry separation. The sedimentation test lasted for 600 s, representing a short period
of concentration. As a comparative test, the sedimentation test of the slurry without adding
flocculant was also carried out.

Table 3. Conditioning scheme of waste slurry.

Pipe Jacking
Slurry

Water Content
(%)

Conditioners
PAM

Characteristics
Dosage 1 (%)

Type I 300 412VS cationic 0.10, 0.15, 0.20
Type I 300 611HN cationic 0.10, 0.15, 0.20
Type I 300 7126 anionic 0.03, 0.06, 0.09
Type I 300 720VJ anionic 0.04, 0.07, 0.10
Type II 300 412VS cationic 0.60, 0.65, 0.70
Type II 300 611HN cationic 0.55, 0.60, 0.65
Type II 300 7126 anionic 0.20, 0.25, 0.30
Type II 300 720VJ anionic 0.20, 0.25, 0.30
Type II 300 FeCl3 + 0.25% 412VS cationic 1, 3, 5 2

Type II 300 FeCl3 + 0.10% 7126 anionic 1, 3, 5
1 The dosage is calculated as the ratio of the dry mass of conditioner to the dry mass of slurry. The dosage
is determined by pre-experiment. 2 1%, 3%, and 5% are the dosage of FeCl3·6H2O, which are determined
by pre-experiment.

During the pre-experiment, it was found that the flocculation-settling effect of Type II
slurry was very poor. Thus, two types of composite conditioning experiments were de-
signed, as shown in Table 3. Type II slurry was first added with FeCl3·6H2O and was
stirred at 450 rpm for 2 min, and then added with PAM and stirred at 450 rpm for 2 min to
test sedimentation results.

2.5. Solidification Experiment

After the flocculation-settling experiment, the sediment with the lowest water content
after settling was subjected to the solidification experiment. The supernatant of the experi-
mental group was poured out, and a solidification agent was added to the sediment for
stirring, wherein the stirring speed was 450 rpm, and the stirring was performed for 2 min.
Subsequently, the sediment was layered into the mold. The inner diameter and height of
the mold are 39.1 mm and 80.0 mm, respectively.

According to results with PAM pretreatment in Section 3, the sediment pretreated
with APAM 7126 (0.25%) had the lowest water content. For the composite pretreatment
experiments, the combined addition of FeCl3·6H2O (3%) and APAM 7126 (0.10%) obtained
the sediment with lower water content. Therefore, the sediment obtained from these two
sets of experiments was used for solidification experiments. The solidification scheme is
shown in Table 4.

Table 4. Solidification scheme of sediment.

Conditioners
Solidification

Agent
Dosage 1 (%) Curing Time (day)

0.25% 7126 OPC 20, 30, 40 3, 7, 28
0.25% 7126 SAC 20, 30, 40 3, 7, 28

3% FeCl3 + 0.10% 7126 OPC 20, 30, 40 3, 7, 28
3% FeCl3 + 0.10% 7126 SAC 20, 30, 40 3, 7, 28

1 The dosage is calculated as the ratio of the dry mass of solidification agent to the dry mass of slurry.
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The moist room YH-60B type (produced by Beijing central North Road Instrument
Equipment Co., Ltd., Beijing, China) was used in the solidification experiment. The curing
conditions were a temperature of 20 ◦C and humidity of >95%. After a set curing time, an
unconfined compressive strength experiment was performed.

2.6. Unconfined Compressive Strength Experiment

After the designated curing time was reached, specimens were tested for the uncon-
fined compressive strength (qu). A strain-controlled apparatus (YYW-2 type, Nanjing Soil
Instrument Factory CO., LTD., Jiangsu, China) was used to test unconfined compressive
strength. Each test was performed thrice in parallel.

2.7. Zeta Potential Experiment

After the settling experiment, the supernatant was taken out to test the zeta potential
of the slurry after flocculation pretreatment. Zeta potential is often used to characterize the
electrical characteristics of particles and can be used to reveal the degree to which particles
are affected by conditioners. The zeta potential was measured through electrophoretic light
scattering by using a Zetasizer Nano ZSP (Malvern Instruments, Malvern, UK). DTS1070
cell was used to perform the zeta potential test. The supernatant was injected into the cell,
then the cell was pressed into the measurement chamber to test the zeta potential. Each test
was performed thrice in parallel.

3. Results

3.1. Sedimentation Results without Flocculation

The pipe jacking waste slurry with an initial water content of 300% was subjected
to a self-weight sedimentation test. Figure 2 demonstrates that the sedimentation and
separation of two types of slurry without pretreatment are very slow, and the water content
of slurry drops from 300% to 292% and 296% respectively within the settling time of 600 s.
It can be inferred that if the pipe jacking waste slurry is not treated, it could occupy a large
area of the site for storage. Most pipe jacking projects are in the underground areas of a city.
It is obviously difficult to find a large storage space in the city to store the slurry. Therefore,
it is meaningful to quickly reduce the amount of slurry.

 
Figure 2. Sedimentation results of pipe jacking waste slurry without flocculation.

3.2. Sedimentation Results with PAM Pretreatment

Figures 3 and 4 show the sedimentation results of the waste pipe jacking slurry after
adding CPAM. Compared with the slurry without pretreatment, the addition of two types
of CPAM can make the waste slurry settle and separate rapidly.
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Figure 3. Sedimentation results of slurry (Type I) after pretreatment with CPAM. (a) 412VS.
(b) 611HN.

  

Figure 4. Sedimentation results of slurry (Type II) after pretreatment with CPAM. (a) 412VS.
(b) 611HN.

Figure 3 shows the settling results of Type I slurry. The optimal dosage of CPAM
412VS was 0.15%, and the water content of the sediment dropped rapidly from 300% to
159% within the settling time of 600 s. The CPAM 611HN also obtained good treatment
results. The optimum dosage was 0.15%, and the water content of the sediment finally
dropped to 185%.

Figure 4 reveals the settling results of the Type II pipe jacking waste slurry. Compared
with Type I slurry, the sedimentation effect of Type II slurry containing bentonite was
worse, and a higher dosage of CPAM was required for pretreatment. Using the same type
of CPAM, the optimal addition amount was increased by three times, and the optimal
dosage of 412VS and 611HN were both increased to 0.60%. In addition, in the same settling
time, the water content of the sediment was higher, and the water content of the sediment
after pretreatment with the two types of flocculants was 194% and 208%, respectively.

Comparing two types of CPAM, 412VS has a better pretreatment effect than 611HN,
and the water content of the sediment can be reduced to a lower level under the same
addition amount.

Figures 5 and 6 show the sedimentation results after pretreatment of waste pipe
jacking slurry using APAM. The addition of APAM also increased the speed of soil–water
separation. Unlike CPAM, the optimal dosage of APAM was much lower than that of
CPAM, no matter for Type I slurry or Type II slurry.
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Figure 5. Sedimentation results of slurry (Type I) after pretreatment with APAM. (a) 7126. (b) 720VJ.

  

Figure 6. Sedimentation results of slurry (Type II) after pretreatment with APAM. (a) 7126. (b) 720VJ.

Figure 5 reveals the sedimentation results of Type I slurry. The optimal addition
amount of APAM 7126 was 0.06%. After 600 s of sedimentation, the water content of
sediment finally dropped to 166%. The optimum dosage of APAM 720VJ was 0.07%, and
the final water content of the sediment was 183%.

Figure 6 shows the settling results of bentonite-rich slurry (Type II slurry). Similar to
the results of CPAM pretreatment, the treatment of Type II slurry with APAM requires a
larger amount of flocculant than Type I slurry. The optimum addition amount of APAM
7126 reached 0.25%, and the final water content of the sediment dropped to 201%. The
optimum dosage of APAM 720VJ reached 0.25%, and the water content of the sediment
was 208%.

3.3. Sedimentation Results with Compound Pretreatment

Figure 7 reveals the sedimentation results of Type II slurry after compound pretreat-
ment. Comparing Figure 7a with Figure 4a, after the compound treatment of FeCl3·6H2O
and CPAM 412VS, the settling and separation effect became better. After adding 3%
FeCl3·6H2O, the optimal addition of CPAM 412VS decreased from 0.60% to 0.25%. The
water content of the sediment can be reduced to 169% in 600 s, which is lower than the
result of the single addition of CPAM 412VS.
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Figure 7. Sedimentation results of slurry (Type II) after compound pretreatment. (a) FeCl3 + 412VS.
(b) FeCl3 + 7126.

Similarly, Type II slurry pretreated with FeCl3·6H2O and APAM 7126 also obtained
better separation results, and the optimal combination was 3% FeCl3·6H2O and 0.10%
APAM 7126. Comparing Figure 7b with Figure 6b, after the compound pretreatment, the
water content of the sediment can be reduced to 165% in 600 s, and the added amount of
the APAM 7126 used was also reduced from 0.25% to 0.10%.

3.4. Solidification Results

In experiments where the slurry was only pretreated with PAM, the slurry treated
with APAM 7126 achieved the best settling effect. The sediment obtained by settling had
a lower water content, so the sediment was used for the solidification experiment. The
cured samples were tested for unconfined compressive strength and the results are shown
in Figure 8. Figure 8a shows the unconfined compressive strength of cured sediments with
different dosages of OPC at different curing ages. With the increase of curing age, the
unconfined compressive strength increased continuously. When the OPC dosage was 30%,
the strength was significantly improved, the 7-day strength was 49.23 kPa, and the 28-day
strength was 83.09 kPa. In the initial stage, the strength of the 3-day was only 8.95 kPa.

  

Figure 8. Unconfined compressive strength of the solidified sediment after APAM pretreatment.
(a) OPC. (b) SAC.

Figure 8b shows the unconfined compressive strength of sediments added with SAC
at various curing ages. Compared with OPC, SAC could improve the strength of the cured
sediment in less curing time. For the solidified sediment with 30% SAC, the 3-day strength
was 33.70 kPa, and the strength nearly reached the peak value of 51.46 kPa after curing for
7 days, and the strength was 55.30 kPa at the age of 28 days.
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The slurry had better sedimentation results after the compound pretreatment of
FeCl3·6H2O and APAM 7126, and the sediments were also subjected to solidification exper-
iments. Figure 9 shows the unconfined compressive strength of the sediments. Compared
with the samples obtained after the pretreatment with APAM 7126, the samples with the
compound pretreatment have higher strength under the same amount of curing agent. For
example, when OPC was used as the curing agent, the unconfined compressive strength
at 30% was 15.2 kPa at 3 days, 55.8 kPa at 7 days, and 100.44 kPa at 28 days. In contrast,
SAC can make the sample have a certain strength earlier under the same addition amount,
as shown in Figure 9b. When the dosage of SAC was 30%, the strength reached 45.80 kPa,
64.2 kPa and 64.1 kPa at 3 days, 7 days, and 28 days, respectively.

 

Figure 9. Unconfined compressive strength of the solidified sediment after compound pretreatment.
(a) OPC. (b) SAC.

In summary, the sediment separated by sedimentation has a certain strength after
solidification. Both types of curing agents can improve the strength of sediment and modify
the sediment into a soil material with a certain strength. The use of SAC as a curing agent
can rapidly improve the mechanical properties of solidified sediment in a short period of
time. The unconfined compressive strength of cured sediment is greater than 30 kPa in
3 days.

3.5. Zeta Potential after Pretreatment

The supernatants of all sedimentation experiments were used to test the zeta potential,
and the test results are shown in Figure 10. The initial zeta potentials of Type I slurry
and Type II slurry were quite different, which were −15.4 mV and −31.6 mV, respectively.
Figure 10a,b show the zeta potentials of the slurry pretreated with CPAM and APAM,
respectively. After adding CPAM or APAM, the zeta potential of the slurry did not change
significantly, which indicated that the four types of polymer flocculants used in the ex-
periment did not basically change the electrical properties of the particles in the slurry.
Especially when APAM was added, the zeta potential of the slurry was basically unchanged.
Combining with Table 2, this could be because APAM has a relatively low charge density,
and the electrical properties of the particles in the slurry basically do not change.

Figure 10c shows the results of the zeta potential of the waste pipe jacking slurry treated
with FeCl3·6H2O and PAM. With the addition of FeCl3·6H2O, the zeta potential of the slurry
changed significantly. The zeta potential gradually approached 0 from −31.6 mV, and when
the addition of FeCl3·6H2O reached 5%, the zeta potential changed to about 10 mV.
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Figure 10. Zeta potential after pretreatment. (a) CPAM. (b) APAM. (c) FeCl3 + PAM.

4. Discussion

4.1. Flocculation-Settling Characteristics of Pipe Jacking Waste Slurry

If the waste slurry from pipe jacking is not pretreated, it can be seen from Figure 2 that
the sedimentation effect is very poor, and it is difficult to separate soil and water. When
PAM is used as a pretreatment agent, all four flocculants can significantly improve the
efficiency of slurry self-weight separation from Figures 3–6. The water content of slurry
can be rapidly reduced from 300% to 159–208%. For Type I slurry, the optimal flocculant
is APAM 7126, and the optimal addition is 0.06%. For Type II slurry, APAM 7126 is also
the optimal flocculant, but the optimal addition is 0.25%. The properties of waste slurry
produced in different periods of the same pipe jacking project are different, resulting in
great differences in the optimal dosage of flocculant and sedimentation results.

From the test results of zeta potential in Section 3.5, the zeta potential of Type II slurry
after PAM pretreatment is about −30 mV, and the corresponding optimal dosage of PAM is
high. The zeta potential of Type I slurry after PAM pretreatment is about −15 mV, and the
optimal additional amount of PAM is low.

The zeta potential of the slurry changes dramatically when the slurry is pretreated
with compound conditioners (Figure 10c), and the optimal additional amount of PAM
decreases. It can be inferred that the zeta potential of the waste slurry from pipe jacking is
closely related to the sedimentation and flocculation results of the slurry. Therefore, the
above experiments pretreated with PAM are analyzed, and the relationship between the
water content of sediment and zeta potential after sedimentation is discussed, as shown
in Figure 11.

 
Figure 11. Relationship between water content of sediment and zeta potential.

Figure 11 clearly reveals that the water content of sediment is significantly correlated
with zeta potential. After flocculant pretreatment, the closer the zeta potential is to 0, the
lower the water content of the sediment is. The initial zeta potential of Type II slurry
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is high. After PAM pretreatment, the zeta potential is still about −30 mV, so the water
content of the sediment is high. The initial zeta potential of Type I slurry is relatively
low. After PAM pretreatment, the water content of sediment obtained by sedimentation is
relatively low. Therefore, it is speculated that Type II slurry contains more bentonite, which
increases the zeta potential of the slurry, making it difficult to flocculate and separate. In
other studies [9,25], slurries rich in montmorillonite were also found to be less effective
at flocculation, explained by lower zeta potential, which confirmed the findings of this
paper. According to these test results, it can be inferred that the clay minerals contained
in the waste slurry produced by the construction of different formations is different, and
it is necessary to further study the influence of clay minerals on flocculation in detail
in the future.

It is worth noting that, for Type II slurry, after pretreatment with compound con-
ditioners, the zeta potential of the slurry changes rapidly and the water content of the
corresponding sediment decreases rapidly.

Based on the above discussion, the flocculation mechanism of different PAM can be
further discussed. All four PAM shown in Figures 3–6 can accelerate the settlement of
slurry. However, the addition of PAM has a very small change in the zeta potential of the
slurry in Figure 10. Therefore, it can be speculated that electrical neutralization is not the
main mechanism of the four PAM. The initial zeta potential of the slurry is negative, but
both APAM can make slurry flocculate and settle rapidly, indicating that bridging plays a
major role in flocculation. APAM 7126 achieves a better sedimentation effect than APAM
720VJ; the higher molecular weight of 7126 could be the main reason, which confirms that
bridging is the main flocculation mechanism. Two CPAM have a certain charge density,
and compared with the two APAMs, they have a better performance in adjusting the zeta
potential as shown in Figure 10. However, the optimal amount of flocculant added is much
higher than that of APAM, and its lower molecular weight may be the main reason. These
results confirm that bridging is the main mechanism for PAM to flocculate particles.

The zeta potential of the slurry decreases rapidly after the addition of FeCl3·6H2O,
which indicates that the FeCl3·6H2O significantly increases the strength of the ions in
the slurry, thereby reducing the electrostatic repulsion between soil particles. After the
subsequent addition of PAM, the PAM can be better interacted with soil particles in the
slurry, thereby improving the effect of flocculation and separation. Therefore, under the
action of compound conditioning, the electric neutralization and bridging mechanism work
together, which greatly reduces the amount of PAM added. It can be seen from Figure 10c
that when excess FeCl3·6H2O is added, the zeta potential begins to increase again, and the
electrostatic repulsion between particles increases, and the effect of flocculation begins to
decrease again.

In summary, in the case of slurry with difficulty in separation, compound conditioning
can be used for pretreatment to reduce zeta potential and improve separation efficiency.

4.2. New Method for Rapid Dewatering

Aiming at the problem that a large amount of waste pipe jacking slurry with high
water content needs to be treated and utilized, a new method based on the combination of
flocculation–sedimentation and solidification is proposed; the schematic diagram is shown
in Figure 12.

According to the amount of bentonite added to the slurry during the construction of
pipe jacking projects, FeCl3·6H2O is added appropriately to adjust the zeta potential of
slurry. Then, the waste slurry is pretreated with APAM (7126), and after a short period of
sedimentation (600 s or more), the water content of the sediment would be less than 165%.
It is estimated that, after 600 s of sedimentation and separation, the volume of slurry is
reduced to 60% of the original, which greatly reduces the occupation of the storage site
by the waste slurry. The separated sediment is cured by adding a solidification agent.
According to Section 3.4, adding 20–30% SAC can achieve an unconfined compressive
strength of more than 30 kPa within 3 days, which meets the requirements of walking and
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vehicle transportation. The cured sediment can be transported to other areas for disposal
and utilization.

Figure 12. Schematic diagram of flocculation-sedimentation and solidification combined method.

The cost of flocculant and solidification agent by this method can be estimated. The
cost depends on the nature of the waste slurry. If more bentonite remains in the waste
slurry, the dewatering and reduction of the slurry will become difficult, and the addition of
flocculant and curing agent will increase, resulting in the increase of the cost. Considering
the most unfavorable conditions, such as Type II slurry, FeCl3·6H2O and APAM 7126 are
selected as conditioners and SAC as a solidification agent. The price of conditioners and
solidification agent per cubic slurry is 1.19 € and 3.02 € respectively, and the total is 4.21 €.
It can be seen that the cost of adding SAC is slightly higher, which is mainly because the
water content of the sediment after sedimentation is still high, which leads to the need
to add more SAC to ensure the strength of solidified sediment. Therefore, if the slurry
storage site in the project allows, the sedimentation time could be extended, thereby further
reducing the water content of the sediment, which can reduce the amount of SAC added
and reduce the construction cost.

It is worth noting that the addition of FeCl3·6H2O results in the presence of some chlo-
ride ions in the solidified sediment, and chloride ion erosion can lead to the deterioration
of cement-based materials and reduce the strength of the soil [26]. The effect of chloride
ions on solidified sediments, as well as finding other agents to replace ferric chloride, will
be the subject of future research.

5. Conclusions

(1) A method for the rapid reduction and reuse of waste slurry from pipe jacking
projects has been studied and proposed. Through the combined treatment of flocculation–
sedimentation and solidification, the water content of the waste slurry can be reduced to
about 159% in a very short time (10 min), and it can be quickly transformed into a soil
material with a strength greater than 30 kPa.

(2) The properties of waste slurry from pipe jacking change with the change of ex-
cavated stratum, which affects the results of flocculation and sedimentation. The zeta
potential of waste slurry containing bentonite is high, which leads to the poor result of
flocculation. Through the compound pretreatment of FeCl3·6H2O and APAM, the zeta
potential of slurry can be reduced, and better dewatering results can be obtained.

(3) The conditioners and solidification agents suitable for the treatment of waste pipe
jacking slurry were proposed. It was found that the optimal flocculation effect was achieved
when APAM 7126 (0.06–0.10%) was added. If the waste slurry contains bentonite, 3%
FeCl3·6H2O can be added in advance. For sediment after flocculation and sedimentation,
adding 20–30% SAC can greatly improve the strength of solidified sediment in a short
period of time, which is convenient for subsequent treatment and utilization.
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Abstract: The process of aerobic biostabilization (AB) has been adopted for treatment of the organic
fraction of municipal solid waste (OFMSW). However, thermal gradients and some side effects in the
bioreactors present difficulties in optimization of AB. Forced aeration is more effective than natural
ventilation of waste piles, but “hot and cold spots” exist due to inhomogeneous distribution of air and
heat. This study identified the occurrence of hot and cold spots during the OFMSW biostabilization
process at full technical scale. It was shown that the number of hot and cold spots depended on
the size of the pile and aeration rate. When the mass of stabilized waste was significantly lower
and the aeration rate was two-fold higher the number of anaerobic hot spots decreased, while cold
spots increased. In addition, the results indicated that pile construction with sidewalls decreased
the number of hot spots. However, channelizing the airflow under similar conditions increased the
number of cold spots. Knowledge of the spatial and temporal distribution of process gases can enable
optimization and adoption of the OFMSW flow aeration regime. Temperature monitoring within
the waste pile enables the operator to eliminate undesirable “hot spots” by modifying the aeration
regime and hence improve the overall treatment efficiency.

Keywords: air flow rate; composting; municipal solid waste; monitoring; optimization; spatial distributions

1. Introduction

One of the crucial strategies for waste management both in Poland and around the
world is the treatment of the organic fraction of municipal solid waste (OFMSW). Basic
assumptions and objectives in the area of municipal solid waste (MSW) management,
adopted both in the EU [1–3] and in national legal acts, aim to limit the use of landfilling
as a means of reducing the organic fraction [4]. One of the solutions is the mechanical
and biological treatment (MBT) of mixed municipal waste [5]. In Poland, at the end of
2016, there were 192 MBT plants with a total mechanical capacity of around 11 million
tons of waste per year [6]. Mostly, the biological process of aerobic biostabilization (AB)
has been adopted for OFMSW treatment [7]. However, optimization AB of OFMSW is
difficult, due to its heterogeneity, thermal gradients, and some side effects in the bioreactors.
Additionally, bioreactors treating many tons of OFMSW are poorly equipped with sensors
for temperature, oxygen, or moisture, so that the plant operator has little control over most
of the waste mass.

Gas flow patterns within the waste have a large influence on heat and mass transfers.
Consequently, O2 supply, moisture and temperature distribution have a large impact on the
end-product quality (kinetics of biodegradation; stage of stabilization; hygienization of the
compost), as well as on the environmental impact of the treatment (gaseous emissions and
odors) [8]. Within the AB process, gases in the pores are heated due to microbial activity [9],
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which reduces air density inside the pile pores and increases partial pressure, creating a
flux from the bottom to the top layers in naturally aerated piles [10]. However, the gas
production rate differs with spatial gradients because of ineffective mixing (inhomogeneity)
and compaction effects, resulting in concentration gradients which drive gas diffusion and
transfer inside the pores [11]. The effect can be visible even in well-mixed waste, especially
in municipal solids which are characterized by huge inhomogeneity. Anaerobic areas (so-
called “hot spots”) need to be diagnosed and eliminated because gaseous biostabilization
products (CO, CO2, CH4) are substantial threats to both low treatment efficiency and
human and environmental protection.

The technique of forced aeration has been adopted in MSW treatment, as it is more
effective than natural (passive) ventilation for the aerobic metabolism of microorganisms,
removal of water, and control of the temperature of the system [12]. It has been reported
that the O2 content in the air space has no significant effect on the biological degradation
efficiency until it falls below 5% in the composting matrix [13]. During the aeration process
O2 content may rise above 15%, gradually decreasing again after the air blower stops,
although O2 content may support aerobic bioactivity for an extended period. Further-
more, it has been demonstrated that intermittent aeration could reduce NH3 loss from the
composting system compared to continuous aeration [14]. Our previous research showed
that low O2 concentration could also favor CO production [15,16]. Gaseous emissions
during biostabilization not only reduce the compost quality, but also cause atmospheric
pollution [17]. Therefore, an improved AB process is urgently needed.

Even if forced aeration is more effective than natural ventilation, “hot spots” in
OFMSW exist due to its heterogeneity [15], as well as aeration rate and reactor design.
The proper design and operation of a biostabilization project requires an understanding of
the dynamics of biostabilization [18]. In particular, the process depends on the abundance
and activity of microorganisms, which are mainly affected by temperature, moisture, read-
ily degradable organic content, O2 level and its diffusion in the matrix, and presence of
inhibiting compounds. Without frequent turning in a static composting system, or in the
absence of dynamic aeration, significant spatial differences in these parameters resulting
from one-directional air flow will impact the spatio-temporal dynamics and hence the
uniformity of the compost product [16,19]. An appropriate reactor, adapted to the charac-
teristics of the waste, should not only maintain appropriate levels of O2 and temperature,
but also allow for uniform distribution within the pile [20]. Hence, monitoring the spatial
and temporal distribution of pore gas concentrations is an important method for evaluating
and optimizing the aeration strategy and reactor design and operation [21].

Adoption of a flow aeration regime, together with knowledge of the spatial and
temporal distribution of process gases, and temperature can enable optimization and
control of parameters such as temperature, O2 or even CO. Monitoring the anaerobic “hot
spots” during AB of OFMSW may be a useful tool in mitigating emissions of gaseous
pollutants and optimizing the biostabilization processes.

The aim of this study was to investigate the spatial and temporal distribution of
temperature and pore gas (O2, CO2, and CO) concentrations in relation to anaerobic “hot
spots”. Spatial and temporal variability of gas concentrations and temperatures were
determined at full technical scale in a municipal biostabilization plant.

2. Materials and Methods

2.1. Characteristics of Organic Fraction of Municipal Solid Waste

The material used in the research was the Organic Fraction (undersize fraction < 80 mm)
of Municipal Solid Waste (OFMSW) originated from Warsaw, Poland. The waste was
characterized by: moisture content in accordance with Polish standard PN-EN 14346:2011,
volatile solids (VS) in accordance with PN-EN 15169:2011, the Total Organic Carbon (TOC)
in accordance with Polish standard PN-EN 15936:2013, pH in accordance with Polish
standard PN-EN-15011-3:2001, and morphological composition in accordance with Polish
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standard PN-93/Z-15006. The tests were performed each time before (6 samples) and after
the biostabilization process was completed (6 samples). This gave 12 samples in total.

Total mass of OFMSW loaded into the bioreactor was also recorded before and after
the biostabilization process. Each OFMSW sample was collected according to the following
procedure: from 4 places along the length of the reactor, in each place, ~10 samples were
taken. All collected samples, from one reactor, at the same collection moment, were mixed
and using the quartering method were assigned to a representative sample. Properties
of the waste before and after treatment are summarized in Figure 1. Detailed analytical
results are described in Section 3.1 and in Supplementary Tables S3 and S4 in our previous
paper [22].

Figure 1. Process configuration and initial and final waste properties. Reactors A1, A2, B1, and B2
were covered by semipermeable membrane. Reactors C1 and C2 were constructed with concrete side
walls and covered by semipermeable membrane.

2.2. Process Configuration

Experimental monitoring of the AB process of OFMSW was performed between
24 April and 9 September at the Municipal Cleaning Company in Warsaw, Poland at full
industrial scale. For each of the six static pile bioreactors, dynamic aeration was provided
through three aeration channels (Table 1). The procedure for pile building was to collect
waste with a loader (two–three days); cover the waste with a membrane; turn on blower
to start aeration process. The membrane provides full protection against the weather,
including precipitation. Bioreactor pile configuration differed in terms of initial mass
(350–400 Mg in piles A1 and A2, and 600–700 Mg in piles B1, B2, C1, and C2) duration of
the process (six weeks in piles A1, A2, and B1 or nine weeks in piles B2, C1, and C2) as
well as reactor construction (the use of concrete sidewalls in piles C1 and C2) and the total
amount of air forced into the pile (Figure 1). Weekly measurements of O2, CO2, and CO
concentrations and temperature measurements inside the piles were performed. Outside
temperature measurements were also taken.

Table 1. Technical specifications of aeration fan (blower).

Parameter Value

Rotation, 1·min−1 3480
Back pressure, Pa 3800

Rate of delivery, m3·min−1 51
Power, kW 2.64
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The total experimental configurations are shown in Figure 1. Experimental details and
the raw data obtained from the measurements can be found in [22].

2.3. Gas Concentrations and Temperature Measurements

Measurements were taken along the length of each reactor at four locations: 2.5 m,
17.5 m, 32.5 m, and 47.5 m from the fan (Figure 2A). At each location (cross-section of
the pile), measurements were made at three heights on both sides of the pile (Figure 2B).
Additionally, on one side of pile one “deep measurement” in each cross-section was made.
The height and depth of sampling were determined individually for each bioreactor ac-
cording to their dimensions, as shown in Table 2. Measurements of gas concentration
and temperature were made with a 3.5 m long steel probe (lance), perforated at the end.
As shown in Figure 2, in piles A1, A2, B1, and B2 (Figure 2B), the gas/temperature sam-
pling probe was inserted parallel to the ground, whereas in piles C1 and C2 (Figure 2C)
the lowest measurement (H1) was made at an angle of 45◦ to avoid the sidewall. Each
measurement was done outside the insulating layer of biostabilization waste, at least 1.25 m
deep. In addition, a so-called deep measurement was taken on one side of the reactor at
each distance point at the middle height (Figure 2B,C). The probe was connected to an
electrochemical analyzer Kigaz 300 by Kimo (Kimo Instruments, Chevry-Cossigny, France)
with a plastic hose as well as a thermocouple. The procedures for gas and temperature were
as follows: analyzer was started; 2-min autocalibration; placing the probe in the measuring
location; waiting for concentration values stabilization (typically within ~5 min). After
each measurement, the probe was removed from the biostabilization waste for ~1 min,
allowing the measured gas values to return to ambient air (gas concentrations equal to
0%/ppm). O2 and CO2 volumetric contents in piles were measured in % (±0.1%), but CO
contents were measured in volumetric ppm ±1 ppm. The temperature inside the piles
was measured with ± 1 ◦C precision. The total amount of sampling is shown in Table 3.
Detailed measurements of gas concentrations and temperature in the reactors have been
previously shown [22].

Figure 2. Process configuration and location of sampling points, (A) longitudinal repeats for each
cross-section sampling point: (B) in piles A1, A2, B1, and B2; (C) in piles C1 and C2.
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Table 2. The dimensions of tested reactors [22].

Pile
Probing Height

Reactor Height, m Reactor Width, m Reactor Length, m
H1, m H2, m H3, m

A1 0.625 1.250 1.875 2.5 8.1 50.0
A2 0.625 1.250 1.800 2.1 8.0 50.0
B1 0.750 1.500 2.250 2.8 8.4 50.0
B2 0.750 1.500 2.250 2.9 9.0 50.0
C1 0.750 1.500 2.250 2.6 8.0 50.0
C2 0.750 1.500 2.250 2.5 8.0 50.0

Table 3. Configurations of biostabilization piles, data acquisition cycles, and numbers of collected
gaseous concentration samples and temperature measurements.

Pile
Process Start

Date
Process

Time, Days
Reactor Design

Number of
Temperature

and Gas
Sampling

Cycles

Number of
Sampling

Cross-
Sections

Number of
Sampling

Pointsin Each
Cross-Section

Number of
Temperature

and Gas
Samples
Collected

A1 24 April 2015 69 Membrane-covered pile 10 4 7 280
A2 27 April 2015 66 Membrane-covered pile 9 4 7 252
B1 13 May 2015 62 Membrane-covered pile 9 4 7 252
B2 15 July 2015 44 Membrane-covered pile 6 4 7 168

C1 22 July 2015 44 Membrane-covered pile
with sidewalls 6 4 7 168

C2 30 July 2015 42 Membrane-covered pile
with sidewalls 6 4 7 168

Total - 327 - 46 24 42 1288

2.4. Spatial Distribution Modeling

The Surfer 10 program (Golden Software, version 8.0, Cracow, Poland) was used to
visualize the raw data recorded in Supplementary Material Table S3 [22], for spatial and
temporal distributions of CO, O2, and CO2 gases and temperature in the piles in each
cross-section and each measurement time, using a color scale.

Gas compositions and temperature values at each sample location within the piles
(Figure 2 and Table 2) enabled spatial distribution modeling of each parameter, using
the Natural Neighbor mathematical function method for cross-sections and Radial Basic
Function for longitudinal cross-sections. Boundary conditions external to the piles were
defined by the composition of atmospheric air for gases and external temperature, as well
as corresponding measurements in the aeration channels below the piles (Figure 2B,C).
A total of 172 Figures were generated, to represent the spatial distribution models Figures
5–8 (Supplementary Material Figures S1–S169: 1012 drawings, including 668 cross-sections
and 344 longitudinal sections). Each figure presented 4 cross-sections: (a) 2.5 m, (b) 17.5 m,
(c) 32.5 m, (d) 47.5 m; and 2 longitudinal sections: (e) left, (f) right. As proposed in the
previous article [22], incomplete and uncertain data were rejected in the modeling process,
hence the total number of Figures generated is fewer than the collected data (Table 3).

3. Results and Discussion

3.1. Waste Properties

As shown by other authors, the composition of the waste used for composting and
its mixing has a great impact on the chemical and microbiological changes during the
process [23,24]. In all OFMSW reactor piles, moisture contents (36–44%; Figure 1), were
below the optimal range of 50–60%, according to Liang et al. (2003), but removal of moisture
was more than two-times higher in piles A1 and A2, with a lower initial mass and a high
rate of airflow > 12,000 m3·Mg−1 (Figure 1) [25]. In reactors B1, B2, C1, and C2, the reduced
airflow (Figure 1), and the relatively comparable ambient temperature (Figure 3) greatly
reduced the loss of moisture in the stabilized material (23–31% of initial value compared
to 61–71% in piles A1/A2). Greater removal of moisture in a smaller composting pile
was also obtained by Ermolaev et al. (2012) [26]. However, this was much higher than
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the small decrease (~10%) obtained by Mulbry and Ahn, (2014), using much smaller piles
(volume ~1.9 m3) [27]. The effectiveness of the process of moisture removal apparently
depends on the amount of air blown in relation to the total waste mass of the pile.

 

Figure 3. Ambient temperature around piles during the biostabilization process of Organic Fraction
of Municipal Solid Waste (OFMSW).

Reduction in total mass of the OFMSW was greater in piles A1, A2, and B1 (34–36%),
where the process time was longer (9 weeks), compared to the other piles (6 weeks). The fi-
nal content of organic material (VS: 32–38% d.m.; TOC: 18–22% d.m. (Figure 1) was about
half that recorded by [28] during MBT composting of municipal solid waste, and simi-
lar values were observed in Komilis et al. (2012) in a larger-scale installation (capacity
250,000 Mg·year−1) [29]. The content of organic substances (both VS and TOC) is typical
for MBT composting plants [30]. As with moisture removal, organic matter was most
effectively reduced in piles A1/A2 with relatively small size and high airflow. Similarly,
Hu et al. (2003) concluded that, for the decomposition of TOC, the moisture and fraction
size have a greater influence than the process temperature [31].

The pH value of initial samples of OFMSW was very similar in all analyzed piles
(5.4–5.6) (Supplementary Material Table S3 [22]), whereas at the end of the process the pH
increased towards neutrality. These values and their change during the biostabilization
process are typical for MSW [32].

The fine fraction < 20 mm comprises a large proportion (66–77%) of the OFMSW
(Figure 4), with variable amounts, typical for municipal waste, of kitchen waste, paper
and plastic and small proportions of textiles (0.3–2.2%), glass (3.8–5.3%), metals (0.8–2.9%),
other organic (0.9–2.4%), other minerals (1.7–3.8%), and other materials (0.3–2.6%). After
the process, a decrease in the content of kitchen waste and paper was observed in A1,
A2, and B1, whereas in B2, C1, and C2, the content remained unchanged or increased,
which suggests that the degradation process is more effective with a longer operation time.
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Figure 4. Changes in the morphological composition of OFMSW—samples were collected during the
first and last day of the AB process and represent the entire reactor.

The < 20 mm fraction in the biostabilized material was at least 65% (Figure 4), higher
than values of 50%, typical of Polish conditions [33]. In other studies, the content of
organic waste was 60–67%, paper 15–17%, glass 7–8%, plastic 6–7%, and metal 3–5% [34].
The efficiency of waste mass removal, ranging from about 20 to 30% (Figure 1), was close
to the average values obtained in other similar installations, operating biostabilization
technology for municipal solid waste in Poland [35].

3.2. Spatial and Temporal Distribution Changes

Figures S1–S172 show the spatial and temporal changes in piles as follows: tempera-
ture (Figures S1–S41) and the concentration of O2 (Figures S41–S85), CO2 (Figures S86–S129)
and CO (Figures S130–S169) in individual sections, at weekly intervals during the biostabi-
lization process in individual piles. The right side of the pile was facing to the south and
after the semi-permeable membrane was removed, it was exposed to direct sunlight on the
day of the measurement, but measurements were taken inside the pile. No heating effect of
exposure to the sun was observed inside the pile.

As the terms “hot” and “cold” spots in waste reactors were not found in the literature,
they are defined here as localized areas within the pile where all three measured parameters
(Table 4) were met in the same place and at the same time. All hot and cold spots recorded
in this study are shown in Table 5 (cold spots) and Table 6 (hot spots). Locating these points
is of great practical importance.

Hot spots—areas of elevated temperature, liable to loss of stability of the biocenosis (high
temperature > 60 ◦C with low oxygen < 15% can cause the loss of valuable microorganisms).
Cold spots—areas where conditions for sanitizing the waste by inactivating potential
pathogens and parasites cannot be maintained (low temperature < 30 ◦C reduce the effi-
ciency of microorganisms or induce the switch to spore formation).
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Table 4. Characterization of hot and cold spots identified in this study.

Type of Spot
Parameter

Temperature, ◦C O2, % CO2, %

hot spot >60 <15 >5
cold spot <30 >15 <5

In either case, the quality of stabilized waste may be reduced, or the process time
increased.

3.2.1. Spatial and Temporal Distribution of Temperature

The pattern of temperature change during the waste composting process was ex-
pected to follow the “classic” pattern described by Cooperband, (2002) [36] and Kowal et al.
(2017) [37], with an initial rapid increase in temperature (1st phase of composting) followed
by a gradual drop in temperature during maturation/cooling (2nd phase of composting).
In contrast, temperatures in piles A1 and A2 (Supplementary Material Figures S1–S3,
S10 and S11) remained close to ambient (Figure 3) throughout the entire prism profile
(~20 ◦C) during the first two weeks of the process. This lag phase resulted from the high aer-
ation rate (>12,000 m3·Mg−1) and the small mass weight in the reactors (300–400 Mg: ~40%
less than normal for this treatment plant). From day 20, in both piles, internal temperatures
increased to ~60–70 ◦C (Supplementary Material Figures S4, S5 and S12), three hot spots
where found (high temperature coupled with low O2: Table 5), and further small increases
were observed from weeks 5 to 7. Similar temperature patterns were observed in a reactor
without forced aeration by Jiang et al. (2015) [38], during composting of green waste [39],
kitchen waste [40], and vermicomposting of duck manure [41]. However, Mulbry and Ahn
(2014) showed that, in much larger scale piles, passive aeration allows them to heat up as
quickly as during forced aeration [27].

In the other piles, an increase to 60 ◦C was observed at the beginning of the 2nd week.
This high temperature was maintained in the piles until the end of the process ~day 50 for
piles A1, A2, and B1 (Supplementary Material Figures S8, S16 and S23), ~day 35–40 for B2
and C1 (Supplementary Material Figures S29 and S35), and ~day 30 for C2 (Supplementary
Material Figure S39). Temperatures in piles B1, B2, C1, and C2 followed the expected
2-phase pattern.

An interesting trend was observed in pile A1—the highest temperatures, even >70 ◦C,
were found at the end furthest from the fan (Supplementary material section 47.5 m
Figures S4d and S5c,d) from where the heat spread towards the front of the pile. This
could be due to a poorer air supply to the far end of the pile, resulting in self-heating and
poor heat removal. In pile A2 this did not occur (Supplementary Material Figures S13–S16),
despite a similar air load and a mass of waste greater by about 15% greater. In addition,
lower aeration values were noted by about 1.5 m3·Mg−1·h−1 in the first 3 weeks of the
research (Supplementary Material Table S1 Stegenta-Dąbrowska et al. (2020)) [22]. The op-
posite effect was noticed in pile B2 (Supplementary Material Figure S30a) which showed
greater cooling close to the fan on the final day. This may be the result of faster decomposi-
tion of waste located near the fan, which at the end of the process significantly reduced
endothermic processes due to the lower activity of microorganisms.

At the same time a few cold spots were observed (Table 6), located mainly at the bottom
of pile, due to the forced aeration. The cooling effect of aeration by the three channels below
each pile is clear in the visualization (Supplementary Material Figures S13a, S47b and S134b).
Typically, this occurs in both the first week of biostabilization when internal heat takes
longer to accumulate, and in the final week when the need for O2 is lower.

The observation that, in piles A1 and A2 high temperatures > 50 ◦C remained during
the final days of the process despite the continuous high air stream (Supplementary Material
Figures S9 and S17) indicates high bio-activity of the stabilized waste and consequent high
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O2 demand. However, it could result from the unexpected initial two week lag phase in
heating the pile.

The highest observed temperatures occurred in pile B1 (from day 16: >70 ◦C inside
the pile, >60 ◦C at the edge), which contained the highest TOC and organic substances (VS)
of all analyzed samples, as well as having twice the mass of piles A1 and A2, but half the
rate of aeration.

In piles C1 and C2 the sidewalls apparently contributed to an overall reduction of
temperature (Supplementary material Figures S35–S38, S41 and 42). The cooling of the
waste at the border with the walls is visible, especially at the beginning and at the end
of the process—a few cold spots were identified near to the sidewalls and at the bottom
(Table 6). Despite favorable conditions (large mass of waste; less aeration), no elevation of
temperature was noticed.

Experiments carried out under similar conditions by Ermolaev et al. (2012) showed
that, despite continuous operation, fans may be unable to maintain an appropriate tem-
perature [26]. Our observations of cold spots (low temperatures) at the base of the pile
(e.g., Figure 5; Supplementary Material Figure S30 and Table 6) indicates the impact of
pumping large amounts of air, resulting in removal of warm air from the center and overall
cooling of the pile. Similar effects of lowering temperature by increased aeration were
observed by Shen et al. (2011) and Sołowiej et al. (2010) [42,43]. In bigger piles, B1–2
and C1–2, the optimal temperature for the biostabilization process, around 60 ◦C, was
reached much faster, an effect also noted by [44]. Although heat contributes to elimination
of pathogenic organisms (Stentiford, (1996) it does not ensure maximum mass removal [45].
According to many authors, greater mass reduction can be achieved at temperatures be-
tween 40 and 60 ◦C [45–47]. On the other hand, Richard, (1993) claims that maintaining the
temperature in the range of 56–70 ◦C for too long (over a week) reduces biodiversity and
increases the intensity of odor compounds [47].

 

Figure 5. Spatial distribution of temperature changes on day 1 in pile B1, at distances from the aeration
fan (a) 2.5 m, (b) 17.5 m, (c) 31.5 m, (d) 47.5 m, longitudinal sections (e) left (f) right. Illustration of
the problem with irregular temperature in pile.
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3.2.2. Spatial Distribution of O2 and CO2 Concentration

Despite the high aeration in piles A1 and A2 during the first two weeks, low O2
concentrations were recorded, together with low temperatures (Supplementary Material
Figures S43, S44, S52 and S53). The high rate of airflow would have created optimal
conditions for the activity of psychro- and mesophilic microorganisms at that time, leading
to depletion of oxygen by respiration. However, the inhomogeneity of the OFMSW and
differences in bulk density could also affect airflow through the pores creating local “hot
spots”. O2 levels were particularly low in most cases at the center of the pile early in
the process (e.g., Supplementary Material Figures S46, S47, S54 and S62), but hot spots
were discovered in pile A2 at 2.5 m length on day 25 (Table 5). In pile A1, reduced
O2 concentrations (~15% lower) occurred on the left side of the pile (Supplementary
Material Figures S46–S48), corresponding to the higher temperatures in the same areas
(Supplementary Material Figures S4–S6). The above examples were all identified as a hot
spot (Table 5). Low O2 concentrations result from the high intensity of biodegradation early
in the process (Jiang et al. (2015) especially if aeration is insufficient [38]. Mohajer et al.
(2010) note that the O2 consumption strongly increases in the first 4 days of composting to as
much as 40 mmol·h−1·kg−1 d.m., and then decreases with the duration of the process [48].

O2 concentrations increased during the process, related to decreasing O2 consump-
tion, while supply of forced air remained stable (Supplementary Material Table S3, [22]).
From day 30, O2 concentrations > 17% were observed in most piles, indicating excellent
oxygenation of the waste and sufficient air forced into the pile to promote aerobic digestion.

Data obtained in this experiment shows a generally better aeration system (few lo-
cations with less than 15% O2) compared to composting in active aerated and static piles
reported by Szanto et al. (2007) [49]. Although the total aeration intensity per waste
mass m3·Mg−1 (Supplementary Material Table S1, [22]) was below the recommended
level, >10 m3·Mg−1·h−1 [4], this did not appear to affect the O2 concentration observed in
the piles.

Extremely low O2 concentrations < 5% were observed only at the beginning of the
process in pile B1 (Supplementary Material Figure S60). Low concentrations (<10% O2) also
occurred in the center of this pile up to day 40 (Figures 6 and 7; Supplementary Material
Figures S60–S64) coinciding with high temperatures (Figure 5; Supplementary Material
Figures S19–S23). Compared to other piles, B1 contained the greatest number of such hot
spots (Table 5). This may indicate that, with an increased amount of waste and high TOC
content, the air flow was insufficient during the most intense phase, up to the 4th week of
the decomposition process [50].

In pile B2, lower concentrations of O2 were observed at its sides (Supplementary Material
Figures S69–S72) with hot spots mainly in the center of the pile (Table 5), which may also
confirm insufficient air supply where the total waste mass exceeds 600 Mg. The influence
of reactor design during biological waste treatment process has been noted by Mason and
Milke, (2005) [20]. Another explanation could be the structure of the waste, consisting
mainly of waste fractions < 20 mm (Supplementary Material Figure S3), which could reduce
the free air spaces and obstruct the air from the aeration channels. Whether aeration is
passive or active, airspace within the substrate plays an important role in the composting
process [51]. Air porosity influences not only air permeability, but also determines O2
transport and the removal of water and heat from the pile.

Very high concentrations of O2 > 18% were observed in C1 and C2, where sidewalls
were constructed. Low concentrations of O2 < c8% (Supplementary Material Figures S84b
and S85b) and high concentrations of CO2 (Figures S128b and S129b) occurred at only a few
points (e.g., the cross-section of 17.5 m) indicating hot spots (Table 5). CO2 concentrations
are consistent with results obtained by Clemens and Cuhls, (2003) from various types of
piles composting municipal solid waste [52]. The spatial distribution of CO2 showed an
inverse relationship with O2 (e.g., in pile A1, higher CO2 concentrations occurred on the
left side of the pile together with high temperature and lower O2), which is typical for
aerobic waste treatment [53,54]. The highest content of CO2 > 10% was observed in B1,
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mainly up to week 2, but levels were mostly very low (2 to 3%) and occurred in the center
of the pile as single hot spots. Similarly, the highest CO2 concentrations were observed
in the first phase of composting a mixture of manure and sawdust, and then its gradual
reduction as the compost matures [55], and at a small scale during home composting [56].

The influence of the sidewalls in piles C1 and C2 was also noticed as an increase in the
occurrence of hypoxic zones near to the border of the walls. This could have resulted from
poorly located aeration channels, which were originally designed for non-compacted piles,
or from the small amount of air supplied to the pile. Despite such issues of reactor design,
an active aeration system is essential, since CO2 may increase to over 25% with inadequate
aeration [49].

Table 5. Localization of hot spots during biostabilization process.

Hot Spots
Pile Place (Length), m Time, Day Localization Figures (Supplementary Material)

A1 2.5; 17.5, 32.5 20 In the center Figures S4, S45 and S89
A1 2.5, 32.5 28 In the center Figures S5, S47 and S90
A1 32.5 41 In the top left corner Figures S7, S49 and S92
A2 2.5 25 In the center of pile Figures S13, S55, S98
A2 2.5 32 In the top left corner Figures S14, S56 and S99
A2 17.5 47 In the top left corner Figures S16, S58 and S101
B1 17.5 9 In the center of pile Figures S18, S61 and S104
B1 2.5, 17.5, 32.5, 47.5 16 In the center and left side Figures S19, S62 and S105
B1 2.5, 17.5, 32.5, 47.5 22 In the center and left side Figures S20 and S106
B1 2.5, 17.5, 32.5, 47.5 31 In the center and left side Figures S21, S63 and S107
B1 2.5, 17.5, 32.5, 47.5 41 In the center and left side Figures S22, S64 and S107
B1 17.5 57 In the left bottom corner Figures S23, S66 and S109
B2 2.5, 32.5, 47.5 8 In the center and left side Figures S26, S69 and S112
B2 32.5 16 In the left bottom corner Figures S27, S70 and S113
B2 17.5, 32.5, 47.5 24 In the center and right side Figures S28, S71 and S114
B2 32.5 43 Right down corner Figures S30, S73 and S116
C1 32.5 28 In the center Figures S34, S77 and S120
C2 17.5 9 On the right side Figures S38, S81 and S124
C2 32.5 21 On the left side Figures S39, S82 and S125
C2 17.5 35 On the left and right corner Figures S41, S84 and S127

Table 6. Localization of cold spots during biostabilization process (excluding data from first three
weeks of biostabilization in piles A1 and A2, due to low temperature in all piles).

Hot Spots
Pile Place (Length), m Time, day Localization Figures (Supplementary Material)

A1 2.5; 17.5, 32.5 20 In the left side in the bottom Figures S4, S46 and S89
A1 2.5, 32.5 28 In the bottom Figures S5, S47 and S90
A2 2.5, 17.5 17 In the bottom Figures S12, S54 and S97
A2 2.5, 17.5, 32.5 25 In the bottom Figures S13, S55 and S98
A2 2.5, 17.5 38 In the bottom Figures S15, S57 and S100
A2 2.5, 17.5, 32.5, 47.5 57 In the bottom Figures S17, S59 and S102
B1 32.5, 47.5 1 In the bottom and in the center Figures S60 and S103
B2 2.5, 17.5, 32.5, 47.5 1 In the bottom Figures S25, S69 and S111
B2 2.5 43 In the bottom and in the center Figures S30, S74 and S116
C1 2.5, 17.5 28 left side, near to sidewalls and in the bottom Figures S34, S77 and S120
C1 2.5, 32.5, 47.5 35 left side, near to sidewalls Figures S35, S78 and S121
C1 2.5, 32.5, 47.5 42 Left and right side, near to sidewalls Figures S36, S79 and S122
C2 2.5, 17.5, 32.5, 47.5 1 In the bottom Figures S37, S80 and S123
C2 32.5, 47.5 28 In the bottom Figures S40, S83 and S126
C2 2.5, 32.5, 47.5 35 In the bottom, left side, near to sidewalls Figures S41, S84 and S127
C2 2.5, 32.5, 47.5 42 In the bottom, left side, near to sidewalls Figures S42, S85 and S128
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It has been shown that the number of hot and cold spots depended on the size of the
pile and aeration rate. Comparison between piles A1–2 and B1–2 shows that when the mass
of stabilized waste is significantly lower and the aeration rate is two-fold higher the number
of hot spots decreases, while cold spots increase. In the case of piles A1–2, the number of
hot spots was 6 and 3, respectively, while in piles B1–2, 16 and 8. The opposite situation was
in the case of cold spots 5–11 (A1–2) and 2–5 (B1–2) (Table 5). It shows that the application
of hot and cold spot monitoring may be a useful tool for the optimization of the AB process.
The elimination of hot and cold spots should be the aim, to achieve proper conditions for
an efficient process, however, it requires further investigation. Additionally, our results
indicated that construction with sidewalls (piles C1–2) decreased the number of hot spots to
just 1 and 3, respectively (Table 4). This decrease may be due to improved airflow through
the waste by eliminating air escape near the base of the pile. However, in piles B1–2,
with similar waste mass and airflow rate, the channelized airflow increased the number of
cold spots to 8 and 12, respectively (Table 5), indicating that differing reactor constructions
also requires an optimal airflow rate to avoid inadequate aeration.

 
Figure 6. Spatial distribution of O2 changes on day 22 in pile B1, at distances from aeration fan
(a) 2.5 m, (b) 17.5 m, (c) 31.5 m, (d) 47.5 m, longitudinal sections (e) left (f) right. Illustration of low
O2 concentration in center of pile.
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Figure 7. Spatial distribution of CO2 changes on day 22 in pile B1, at distances from aeration fan
(a) 2.5 m, (b) 17.5 m, (c) 31.5 m, (d) 47.5 m, longitudinal sections (e) left (f) right. Illustration of high
CO2 concentration in center of pile.

3.2.3. Spatial Distribution of CO Concentration

CO was widely distributed throughout the entire process in all piles. In most cases
the highest concentrations were observed in the center of the piles and during the first
two weeks, in accordance with research carried out on other materials such as organic
waste [57], green waste with sewage sludge [16,58], and municipal waste [15]. Similar
relationships were noted by Boldrin et al. (2009) [59] during the composting of green waste,
and Andersen et al. (2010) [39] who observed increased CO concentration in the early
stages, which continued in composted material for a year.

Low concentrations, up to about 200 ppm, were observed during day 1 of the process
in piles A1, A2, B1, and C1 (Supplementary Material Figures S130, S139, S146 and S159),
while in B2 and C2 there were unusually high values from the start, even over 1000 ppm,
in the whole volume of the pile (Supplementary Material Figures S153 and S165). High
concentrations of CO throughout the pile during the whole process indicate the dynamic
nature of CO production, resulting from the relatively large inhomogeneity of the waste
material used.

High CO concentrations were clearly associated with locations of highest temperature.
In the case of pile A1, following the initial lag phase, significant increases in both CO and tem-
perature occurred from day 20 of the process (Supplementary Material Figures S4 and S133).
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The highest concentration of CO was observed first at the beginning of the process (1st week,
near the fan), which could be associated with the low O2 content, and at the far end of the
pile over the whole duration. Around week 3, increased CO concentration was also noticed.
In piles B1 and C1, from the first days of the process, temperatures > 60 ◦C were associ-
ated with very high concentrations of CO (>1000 ppm) (Figure 8; Supplementary Material
Figures S149, S158 and S160). Similarly, Phillip et al. (2011) observed high CO concentra-
tions during the first 6 h [60]. Also, in pile B1, very low O2 concentrations (<5%) were
observed in the early stages (Supplementary Material Figure S60), while in pile C1, only
single hot spots were observed near the sidewalls, together with a lower O2 concentration
(Supplementary Material Figure S73a–d). Hellebrand, (1999) showed that intensive aera-
tion stimulates microorganisms to produce CO, greatly increasing its concentration [61].
In the present and previous studies [16,57], CO production coincides with the highest
temperatures in the piles (up to 1800 ppm at 75 ◦C), which implies a thermochemical basis
for the process.

 

Figure 8. Spatial distribution of CO changes on day 16 in pile B1, at distances from aeration fan
(a) 2.5 m, (b) 17.5 m, (c) 31.5 m, (d) 47.5 m, longitudinal sections (e) left (f) right. Illustration of high
CO concentration in center of pile.

The zones of lower oxygenation and higher temperatures near the sidewalls of the
reactor in piles C1 and C2 coincided with higher concentrations of CO (Supplementary
Material Figures S158, S161, S166, S167 and S169). Research by Hellebrand and Kalk, (2001)
linked the release of CO directly to the availability of O2 in the pile, indicating that CO
production is favored under both hypoxic and high temperature conditions [62]. As shown
in previous studies, CO is also formed under aerobic conditions, but biotic production is
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more favorable at lower temperatures <40 ◦C, whereas at >60 ◦C, CO production is more
thermochemical [57]. This clearly indicates the need for a waste treatment technology that
will not form hot spots. The use of technologies that homogenize municipal solid waste,
before placing it in the reactor may prove effective [63].

In piles where sidewalls were not used (A1, A2, B1, and B2), the biggest concentra-
tions of CO increased in the center of the piles (Figure 8; e.g., Supplementary Material
Figures S133, S134, S141, S142, S145 and S148) or at the top of the pile, but smaller con-
centrations were observed, mainly at the end of the process (Supplementary Material
Figures S132, S138 and S154). This may result from the aeration channels, which promote
faster decomposition inside the pile, followed by decomposition in the upper regions of
the material.

Several studies conclude that, in the decomposition of organic materials, microbial ac-
tivity has a significant influence on CO production [60,62,64,65]. High temperatures > 60 ◦C
prevailing in most of the piles, combined with a pH of about 7 at the end of the process,
were optimal conditions for colonization by CO-metabolizing microorganisms [66]. Such
microorganisms could then reduce CO production after the 4th week of the process, despite
the high temperatures still prevailing.

Research by Moxley and Smith, (1998) showed the importance of moisture content for
CO concentrations from various types of soils, with an optimum of 15 to 25% moisture [67].
Above and below these levels, CO concentration was reduced. Piles B1, C1, and C2 recorded
the highest concentrations of CO but the lowest moisture removal, suggesting that the
optimal value of moisture (in relation to CO production) of the OFMSW is rather higher,
between 30 and 35%.

4. Summary

Spatial analysis of concentrations of key gases within the mass of OFMSW enabled
the efficient localization of all hot and cold spots in time and space, regardless of the
experimental variant tested or the reactor construction. It was observed that the localization
of hot and cold spots depends on biostabilization process parameters including, aeration
rate, and mass of OFMSW, or the type of reactor modification applied. It was shown that to
reduce the appearance of cold and hot spots, it is necessary to:

- increase the mass of the stabilized waste as it provides greater stability of the process
to external conditions;

- increase aeration of waste to remove anaerobic zones.

In addition, the use of sidewalls in pile construction reduced the occurrence of hot
spots, and may have the effect of increasing the frequency of cold spots near to walls.

It has been shown that simple research on spatial and temporal distribution of tem-
perature and gas concentration during the OFMSW biostabilization process is advisable,
especially in the case of introducing new systems for processing municipal waste. Per-
forming the tests allows quick and easy localization of all hot and cold spots, discovery of
possible design mistakes, and adjustment of the parameters of the biostabilization process
to shorten it and optimize its final products.

The identification of “hot spots” requires action to eliminate them by modifying waste
aeration or its mechanical turning. This is important, especially to eliminate harmful gases
such as CO, which have been seen clearly in hot areas. It may indicate the domination
of thermochemical processes over biological ones, as already observed in green waste.
Less importance in the production of CO is ascribed to the concentration of O2 and CO2,
which implies that temperature measurement, together with spatial simulation, may be
more effective in finding process irregularities. Locating areas of increased temperature
within the pile will enable their elimination and the reduction of harmful gases. The iden-
tification of hot and cold spots during AB of OFMSW may be a useful tool for process
optimization and indication of problems related to reactor construction, which also opens a
new approach for research.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma15093300/s1, Figures.zip contains files (Figures S1–S168.pdf)
with a graphical visualization of temperature and gas distributions during composting.
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Wydawnictwo Naukowe PWN: Warszawa, Poland, 2017.

38. Jiang, T.; Li, G.; Tang, Q.; Ma, X.; Wang, G.; Schuchardt, F. Effects of Aeration Method and Aeration Rate on Greenhouse Gas
Emissions during Composting of Pig Feces in Pilot Scale. J. Environ. Sci. 2015, 31, 124–132. [CrossRef]

39. Andersen, J.K.; Boldrin, A.; Christensen, T.H.; Scheutz, C. Mass Balances and Life-Cycle Inventory for a Garden Waste Windrow
Composting Plant (Aarhus, Denmark). Waste Manag. Res. 2010, 28, 1010–1020. [CrossRef] [PubMed]

40. Beck-Friis, B.; Pell, M.; Sonesson, U.; Jonsson, H.; Kirchmann, H. Formation and Emission of N2O and CH4 from Compost Heaps
of Organic Household Waster. Environ. Monit. Assess. 2000, 62, 317–331. [CrossRef]

41. Wang, J.Z.; Hu, Z.Y.; Xu, X.K.; Jiang, X.; Zheng, B.H.; Liu, X.N.; Pan, X.B.; Kardol, P. Emissions of Ammonia and Green-
house Gases during Combined Pre-Composting and Vermicomposting of Duck Manure. Waste Manag. 2014, 34, 1546–1552.
[CrossRef] [PubMed]

42. Shen, Y.J.; Ren, L.M.; Li, G.X.; Chen, T.B.; Guo, R. Influence of Aeration on CH4, N2O and NH3 Emissions during Aerobic
Composting of a Chicken Manure and High C/N Waste Mixture. Waste Manag. 2011, 31, 33–38. [CrossRef]

43. Sołowiej, P.; Piechocki, J.; Neugebauer, M. Wpływ Napowietrzania Złoża Na Przebieg Pierwszej Fazy Procesu Kompostowania.
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Abstract: Industrial waste is one of the primary sources that harm the environment, and this topic
has occupied many scientists on how to take advantage of these wastes or dispose of them and
create a clean environment. By-pass cement dust is considered one of the most dangerous industrial
wastes due to its fine granular size and its volatilization in the air, which causes severe environmental
damage to human and animal health, and this is the reason for choosing the current research point.
In this article, eight samples of glass–ceramics were prepared using by-pass cement dust and natural
raw materials known as silica sand, magnesite, and kaolin. Then melted by using an electric furnace
which was adjusted at a range of temperatures from 1550 to 1600 ◦C for 2 to 3 h; the samples were cast
and were subjected to heat treatment at 1000 ◦C for 2 h based on the DTA results in order to produce
crystalline materials. Various techniques were used to study the synthesized glass–ceramic samples,
including differential thermal analysis (DTA), X-ray diffraction (XRD), scanning electron microscope
(SEM), and thermal expansion coefficient (CTE). X-ray analysis showed that the phases formed
through investigated glass–ceramic samples consisted mainly of β- wollastonite, parawollastonite,
diopside, anorthite, and cordierite. It was noticed that β- the wollastonite phase was formed first and
then turned into parawollastonite, and also, the anorthite mineral was formed at low temperatures
before the formation of the diopside mineral. SEM showed that the formed microstructure turned
from a coarse grain texture to a fine-grained texture, by increasing the percentage of cordierite. It also
showed that the increase in time at the endothermic temperature significantly affected the crystalline
texture by giving a fine-grained crystalline texture. The linear thermal expansion measurements
technique used for the studied glass–ceramic samples gives thermal expansion coefficients ranging
from 6.2161 × 10−6 to 2.6181 × 10−6 C−1 (in the range of 20–700 ◦C), and it decreased by increasing
cordierite percent.

Keywords: crystallization; glass–ceramics; diopside; β-wollastonite; parawollastonite; anorthite;
by-pass cement

1. Introduction

Since the dawn of time, the industry has been considered one of the most important
pillars that depend on the consumption of materials, the production of all that humanity
needs for the well-being of life, and also is assumed as one of the most crucial reasons for
the existence of waste materials.

From the financial and ecological points of view, the recycling of manufacturing wastes
is well thought-out to be a significant issue. The increase of industrial waste materials, due
to the rapid increase in populations and growth in the prosperity of humanity, has become
a major social and environmental problem. Management of all industrial waste has become
the most significant environmental issue in numerous expanding countries. Primary
sources of solid waste are human liveliness, such as building and technology innovation.
These wastes cause many complex problems concerning storage space, transportation, and
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environmental or atmosphere contamination. Utilizing manufacturing waste to produce
beneficial resources via green chemical methods will be an essential step to having a
hygienic and safe environment [1,2].

Cement is one of the most remarkable binding materials. It is manufactured in massive
amounts all over the world. The cement industry is considered one industry that generates
an enormous amount of solid waste. These wastes should be managed to guarantee a clean
and harmless environment [3].

In Egypt, several cement factories create significant amounts of cement kiln dust (CKD),
the by-product formed in cement kilns and associated procedures. It has a destructive
outcome on all living organisms [4]. The chemical composition of CKD mainly depends
on the composition of raw materials, speed of the gas in the kiln, and type of procedure.
Usually, CKD contains calcined materials, un-reacted raw feed, clinker dust, ash, alkali
sulfates, halides, and other volatile materials [5–8].

Efforts have been made by several researchers to recycle that harmful CKD waste
through different valuable applications such as removal of heavy metals [9], treating
contaminated soil [10], ceramic production [11], glass–ceramic fabrication [12–14], and
so on.

The chemical composition of by-pass cement dust qualifies it for the glass–ceramic and
glass industries [15]. As the glass–ceramics industry has various applications, such as in the
microelectronics industry and construction. Utilizing cement dust to produce glass–ceramic
materials is highly considered a technological, scientific, and cost-effective concept.

Glass–ceramic is one of the majority multipurpose and valuable materials needed in
diverse industrial applications. Glass-ceramic has varieties of properties according to its
composition, such as hardness, insulation, thermal shock resistance, low thermal expansion
coefficient, toughness, and optical properties [16]. It is usually prepared by scheming
glass crystallization. It also has fine-grained microstructure, low or no porosity, and lots of
different properties that may be synchronized by changes in sample composition and the
regime of heat treatment.

Wollastonite (CaSiO3) has been conventionally applied as a raw material for tiles, paint,
paper industries [17], insulators [18], ceramics [19], and so on. It has good mechanical,
thermal, and optical properties such as slight shrinkage, high strength, whiteness in color,
and bending properties. Nowadays, the increasing demands for wollastonite are followed
by the proportional increases in its fabrication worldwide [20]. Natural wollastonite is
limited by its deposits condition so that it can be synthesized artificially [17]. Synthesized
wollastonite glass–ceramics [21] are used for various purposes and must be studied.

Cordierite (2MgO–2Al2O3–5SiO2) is one of the most motivating phases of glass–
ceramics; and has a broad collection of applications in many industrial areas [22]. It
possesses features such as low thermal expansion, high chemical durability, high thermal
resistance, low dielectric constant, and good mechanical properties, which give scientists
the facility to use this compound to produce traditional or advanced products [23,24].
Cordierites have lower production costs and superior electrical properties, they can be
used as substrate more than alumina in electronic industries and manufacturing multilayer
circuit boards and thermal insulators.

This research aims to take advantage of cement dust as one of the industrial wastes
produced in huge quantities from cement factories with some raw materials available in
the earth’s crust to produce high-performance glass–ceramic materials that can be used
for construction applications. The purpose of the research is to take advantage of by-pass
cement dust, one of the solid industrial wastes which harm the environment, in obtaining
high-performance glass–ceramic materials based on the wollastonite–cordierite system that
can be used for various industrial and construction purposes by using many techniques
such as differential thermal analysis (DTA), X-ray diffraction (XRD), scan electron micro-
scope (SEM: JEOL, XL30, Philips, Amsterdam, The Netherlands)), and thermal expansion
coefficient (CTE).
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2. Experimental Techniques

2.1. Batch Calculation and Glass Preparation

Eight glass compositions were designed based on cordierite (Mg2Al4Si5O18) and wol-
lastonite (CaSiO3) systems selected for the current project. The cordierite content in these
compositions varies from 10 to 80 at ten wt% intervals, and consequently, the wollastonite
content ranges from 90% to 20%. These studied samples were G10, G20, G30, G40, G50,
G60, G70, and G80. These numbers denote the wt% of the cordierite and the rest being the
wollastonite components. For example, G40 means that this glass composition contains
40wt% cordierite component and the rest, 60wt% wollastonite component. The batches
related to these compositions were designed by calculating the appropriate proportions
of solid wastes represented in by-pass cement dust, magnesite, kaolin, and silica sand.
Table 1 shows the chemical compositions of the raw materials used. Table 2 shows glass
compositions in the oxide percentages and raw materials used. These batches were ground
in a ball mill for about 45 min, then they were melted in platinum crucibles in an electrically
heated globar furnace at temperatures ranging from 1550 ◦C to 1600 for 2–3 h, according to
the batch composition. It was noted that glasses rich in cordierite were highly viscous and
needed higher melting temperatures. The melting temperature increased with an increase
in the percentage of cordierite contents (that is, the degree of viscosity increases from G10
to G80).

Table 1. Chemical analyses of raw materials used in the batch preparation.

Oxide wt %
Magnesite
(Al-Nasr

Mining Co.)

Silica Sand
Abu-Zenima

(Sinai)

Kaolin
El-Tih (Sinai)

By-Pass Cement

SiO2 0.54 99.20 44.20 6.12

Al2O3 1.02 0.28 37.75 2.58

Fe2O3 0.48 0.03 0.93 3.37

TiO2 trace trace 1.85 0.21

CaO 6.31 0.10 0.82 55.96

MgO 40.35 trace 0.52 0.84

Na2O trace trace 1.15 0.29

K2O trace trace 0.72 0.73

LOI at 1000 ◦C 50.98 0.40 13.01 25.11

Table 2. Chemical compositions and the corresponding batches (wt%) of the investigated glasses.

Glas No.
Nominal Phase *

Composition (wt%)

Oxide wt% Batch Ingredients (wt%)

SiO2 Al2O3 CaO MgO By-Pass Mag. Kaolin Sand

G10 10%cord. + 90% wol. 51.68 3.49 43.45 1.38 60.2 1.4 3.21 35.19

G20 20%cord. + 80% wol. 51.65 6.97 38.62 2.76 53.19 4.15 11.11 31.54

G30 30%cord. + 70% wol. 51.61 10.46 33.8 4.13 46.29 6.87 18.95 27.9

G40 40%cord. + 60% wol. 51.57 13.95 28.97 5.51 39.43 9.57 26.68 24.31

G50 50%cord. + 50% wol. 51.54 17.43 24.14 6.89 32.63 12.22 34.28 20.87

G60 60%cord. + 40% wol. 51.54 20.92 19.31 8.27 25.98 14.87 41.89 17.26

G70 70%cord. + 30% wol. 51.47 24.4 14.48 9.65 19.38 17.47 49.34 13.8

G80 80%cord. + 20% wol. 51.43 27.89 9.66 11.02 12.84 20.29 56.35 10.53

Where, * cord = cordierite, wol. = wollastonite, Mag. = magnesite.
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After melting and refining, the resulting bubble-free melts were cast onto a hot steel
marver into steel molds in the form of buttons (about 20 mm and 9 mm thickness) as rods
of 50 × 10 ×10 mm. The hot glass samples were transferred to preheated electric muffle
furnace to avoid thermal shock.

2.2. Differential Thermal Analysis (DTA)

The differential thermal analyses of the studied glasses were achieved via a Labsys
DSC-TG 1600 ◦C Setaram (France). About 60 mg of the pulverized glass of grain size less
than 0.60 mm and more significant than 0.2 mm was used. Al2O3 powder was the reference
material. A heating rate of 10 ◦C/min and a sensitivity setting of 8 μv/cm were maintained
for all the DTA runs.

2.3. Heat Treatment

The glass samples were heat-treated from room temperature to the required temper-
ature for a specific soaking time in a muffle furnace, then the furnace was switched off,
and the samples were permitted to cool inside it to room temperature. Detection of the
crystallization temperatures was guided by the DTA results. Soaking times were measured
after the furnace reached the desired temperature. Figure 1 shows Schematic presentation
for the production of glass and glass–ceramic materials from industrial wastes.

Figure 1. Schematic presentation for the production of glass and glass–ceramic materials from
industrial wastes.

2.4. X-ray Diffraction (XRD)

The formed phases were recognized via the X-ray diffraction technique. The instru-
ment used was Bruker AXS diffractometer (CD8—ADVANCE) with Cu–Ka radiation
operating at 40 Kv and ten mA. The diffraction information was listed as 2θ values between
4◦ and 70◦, and the scanning rate was 10◦/min.

2.5. Scanning Electron Microscope (SEM)

The microstructure of the synthesized glass–ceramic samples was investigated by
using a scanning electron microscope (SEM: JEOL, XL30, Philips, Amsterdam, The Nether-
lands), that operated at an acceleration voltage of 20 kV. The freshly fractured sample was

258



Materials 2022, 15, 3534

coated with a layer of gold on the broken surface (to minimize any charging effect) to
observe the internal microstructure.

2.6. Thermal Expansion Measurement

In this study, the mechanical dilatometry technique for thermal expansion measure-
ment is applied. In this technique, a sample is heated in an oven, and the specimen ends;
displacements are transmitted to a sensor utilizing pushrods. This test is usually functional-
ized to materials with CTE above 5 × 10−6/K (2.8 × 10−6/◦F) over the temperature range
of −180 to 900 ◦C (−290 to 1650 ◦F). Pushrods are of high-purity alumina type. Alumina
systems can extend the temperature range up to 1600 ◦C (2900 ◦F). The instrument used
was NETZSCH DIL 402 PC (made in Japan).

3. Results and Discussion

3.1. Differential Thermal Analysis (DTA)

DTA of the studied glasses is explained in Figure 2. The curves resulting from the
investigated glasses showed endothermic peaks in the temperatures ranging from 749
to 797 ◦C. The differential thermal analysis curves show that the endothermic peaks of
the investigated glasses are wholly affected by the cordierite contents in the glass. As
the cordierite content increases, the endothermic peak temperatures shift towards higher
values. The endothermic and exothermic peaks of the investigated glasses for each glass
composition are shown in Table 3. The DTA of the glasses G10 to G50 (Figure 2) are, to some
extent, similar. They are characterized by a broad exothermic peak with a temperature
ranging from 954 to 987 ◦C. While the other glasses, G60 to G80, have characterized sharp
exothermic peaks recorded at temperatures ranging from 954 to 1018 ◦C, respectively.

Figure 2. Differential thermal analysis of the investigated glasses.

259



Materials 2022, 15, 3534

Table 3. Thermal expansion coefficient and phases developed of the investigated samples.

Glass No.
Linear Expansion Coefficient (à) × 10−6/◦C

Phases Developed
50–300 ◦C 50–500 ◦C 50–700 ◦C

G10 4.0838 5.9616 6.2161 B-woll.

G20 2.7820 3.4909 5.2155 B-woll.

G30 2.0008 3.0399 4.5930 Diop. and parawoll.

G40 1.9857 3.0385 4.5721 Parawo. and Diop

G50 1.3134 3.0764 4.5671 An. and Diop

G60 1.2896 2.7932 3.6538 An. and Diop

G70 1.2126 2.4522 3.3364 An. and Diop

G80 0.1478 2.2153 2.6181 Cord. and An.
Where. B-woll. = B-wollastonite, Diop. = Diopside, parawoll. = Parawollastonite, An. = Anorthite,
Cord. = Cordierite.

It should be said that the data recorded from DTA are considered to be the responsible
guide for the heat treatment schedule of the investigated glasses.

The DTA curves show a slight dip in the range 749 to 797 ◦C most probably, as
confirmed above, owing to the transition temperature of the glass (Tg) or corresponding
approximately, following Devekey and Majumdar [25], to the temperature range named as
Tg and Ts.

These endothermic agree to initial crystallization (precrystallization), where the glass-
creating oxides begin to arrange themselves at this period in beginning structure groups
appropriate for the subsequent crystallization El-Shennawi [26]. This thermal absorption
span will be, however, considered as the nucleation range. Exothermic peaks result from
glass devitrification with a corresponding release of thermal energy.

3.2. X-ray Diffraction (XRD)
3.2.1. XRD of the Investigated Samples after Treatment at Temperature 1000 ◦C for 2 h

X-ray diffraction analysis of the studied glass–ceramic samples G10–G80 after heat
treatment at a temperature of 1000 ◦C for 2 h is shown in Figure 3. The main crys-
talline minerals developed are β-wollastonite (CaSiO3) (JSPDS No.27-1064), parawollas-
tonite (CaSiO3) (JCPDS No.27-88), diopside (CaMgSi2O6) (JCPDS No.22-534), anorthite
(CaAl2Si2O8) (JCPDS No.12-301) and cordierite (Mg2Al4Si5O18) (JCPDS No.13-294). Con-
cerning samples G10 and G20, it is obvious that β- wollastonite (CaSiO3) is the only
monomineralic phase formed, characterized by the following lines 3.296, 3.807, 3.489, and
3.076 Å. While for samples G30 and G40, the β-wollastonite transferred into parawollas-
tonite, characterized by lines 2.97, 3.318, and 2.699 Å with the formation of the diopside
phases, which is characterized by the following lines 2.972, 3.182, and 2.503 Å. Whereas
in glass–ceramic samples Nos (G50–G70), the parawollastonite transforms into anorthite,
characterized by the following lines 3.202, 4.036, 3.739, and 2.501 Å. In sample G80, the
low-cordierite phase formed, which is characterized by the following lines, 8.412, 3.128,
3.366, and 3.015 Å with an anorthite phase. Samples G10 and G20 show the formation
of β-wollastonite only; this is consistent with Table 2, where the percentage of wollas-
tonite ranges from 90 to 80 % in samples G10 and G20, respectively. It also agrees with
many publications, such as Shaker et al. [27] and Khater et al. [28,29], who explained
that β-wollastonite is formed at low temperatures and is unstable and then transformed
into parawollastonite. Samples G30 and G40 show the formation of parawollastonite and
diopside. This shows that β-wollastonite (CaSiO3) is converted to parawollastonite, which
agrees with Shaker et al. [27]. In samples G50, G60, and G70, the formation of diopside and
anorthite is attributed to the aluminum elements present in cordierite with wollastonite,
which help form the anorthite mineral while the magnesium and silica elements present in
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cordierite help in the formation of diopside. Sample G80 contains both minerals cordierite
and anorthite, indicating the reach of a stage close to equilibrium phases.

Figure 3. X-ray diffraction patterns of the investigated samples based on by-pass cement dust after
heat-treatment at 1000 ◦C for 2 h.

3.2.2. XRD of the G60 after Treatment at a Temperature

Sample G60 is selected to study the effect of temperature on the crystalline phases
formed by heat-treating. Sample G60 is heat-treated at a temperature of 950 ◦C for 2 h
and also at 1000 ◦C for two hours (Figure 4). It is shown that after its heat treatment at
950 ◦C for 2 h, anorthite (CaAl2Si2O8) (JCPDS No.18-1202) is formed with the following
lines 3.173, 4.013, 2.875, and 2.138Å. When the temperature is raised to 1000 ◦C, the mineral
diopside is formed with anorthite, and this shows that the anorthite phase is formed before
the diopside phase and at low temperatures. This agrees with Juan Qin et al. [30].

3.3. Scanning Electron Microscope (SEM)

Figure 5 shows SEM photographs of the glass–ceramics samples (G10 to G80) after
heat treatment at 1000 ◦C for 2 h. It can be noticed from the figure that all samples are
generally marked with well-crystallized oriented tubular crystals except sample G60, which
is characterized by randomly oriented crystal bundles. Moreover, the crystal lengths are
decreased from G10 to G80. These tubular crystals are identical to wollastonite crystals.
Rounded crystals are noticed in the G80 sample, which is attributed to the formation
of cordierite crystals, as confirmed by XRD analysis. The cordierite (Mg2Al4Si5O18) is
nominally increased from G10 to G80 at the expense of the wollastonite (CaSiO3) phase
in the cordierite–wollastonite system designed in this work. This increase in cordierite
percentage increases the glass melt viscosity, as observed during the glass preparation
process. This finding can be explained on the base of Al2O3 content, where it increased as
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the cordierite percentage increased in the glass composition. Al2O3 is capable of forming
bonds with silica by forming bridging oxygens and generates Al–O–Si bonds causing
an increase in glass viscosity [31]; hence, the glass crystallization affinity can be likely
decreased, and the glassy phase is usually detected as a matrix for the formed crystals. In
this study, the glassy phase can be observed in the crystal interstices, specifically in the
G60 sample.

Figure 4. X-ray diffraction patterns of G60 after heat-treatment at 950 ◦C for 2 h and 1000 ◦C for 2 h.

On the other hand, a selected glass sample was heat-treated at a temperature close to
the nucleation temperature to study the effect of temperature heat treatment on the formed
microstructure of the glass–ceramic. Sample G60 is selected because it is characterized
by optimum properties measured in this study. Figure 6 presents G60 glass–ceramic heat-
treated at 700 ◦C for 3 h and 1000 ◦C for 1 h. It can be observed from the figure that
fine-grained microstructure is noticed. While the sample, after being heat-treated at 700 ◦C
for one h and then 1000 ◦C, has a coarse-grained microstructure.

3.4. Theoretical Considerations of Thermal Expansion and Thermal Expansion Behavior of the
Studied Samples

The coefficient of thermal expansion (CTE) is a property of a substance indicating the
degree of material to be expanded by heating; substances expand at different altitudes. In
the temperature ranges, the thermal expansion of objects is proportional to temperature
alteration. Thermal expansion is an essential property for detecting the targeted application
of materials when a structural part is heated and kept at a constant length [32].
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Figure 5. SEM micrographs of the investigated samples after heat-treatment at 1000 ◦C for 2 h.
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Figure 6. SEM micrographs of G60 heat-treated at (a) 700 ◦C 3 h and 1000 ◦C 1 h; (b) 700 ◦C 1 h and
1000 ◦C 1 h.

Most solid substances expand by heating and contract after cooling. The change in
length with temperature for a solid material can be expressed as:

(Lf − L0)/L0 = α1 (Tf − T0) (1)

ΔL/L0 = α1ΔT (2)

α1 = 1/L(dL/dT) (3)

where L0 and Lf stand for the original and final lengths sample with the temperature change
from T0 to Tf, respectively. The parameter α1 (CTE) has units of reciprocal temperature
(K–1) such as μm/m K or 10–6/K.

Heating or cooling has a significant effect on the dimensions of a material, with a
considerable volume change. Volume changes can be calculated from:

ΔV/V0 = αvΔT (4)

where ΔV and V0 are the volume change and original volume of the sample, respectively,
and αv symbolizes the volume coefficient of thermal expansion. In many materials, the
value of αv is anisotropic; that is, it depends on the crystallographic orientation along
which it is measured. For materials in which the thermal expansion is isotropic, αv is
approximately 3α1 [33].

Thermal expansion leads to a change in the space between particles of a substance,
which affects the volume of the substance while negligibly varying its mass (the negligible
amount comes from energy–mass equivalence).

Depending on the above considerations, the results of thermal expansion coefficients
of the studied samples can be discussed as follows:

From Figure 7 and Table 3, it is clear that all coefficients of thermal expansion (CTE)
values decrease from G10 to G80 samples, i.e., by increasing the cordierite percent at the
expense of wollastonite content.

Coefficient thermal expansion (CTE) values of the glass–ceramic depend on the nature
and quantity of the developed crystalline phases and the residual glassy matrix [34,35]. A
comprehensive range of thermal expansion coefficients is controlled by the crystal types
and proportions of these phases, which are considered the main principle of producing
glass–ceramics with restricted thermal expansion coefficients.
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Figure 7. Thermal expansion coefficient of the studied glass–ceramics after heat-treatment at 1000 ◦C
for 2 h.

Low-expansion glass–ceramics usually contain crystalline phases as well as a vitreous
phase. Ion exchange always takes place in the vitreous phase. Schairer and Bown [36]
found a solid solution between wollastonite and diopside in the CaO–MgO–SiO2 system
with the highest 22% diopside at eutectic. The produced Ca–Mg–silicate phase is a solid
solution between diopside and wollastonite. Diopside constituent in this solid solution
is about 49.6%. However, Omer et al. [37] mentioned that a wollastonite–diopside solid
solution phase with about 66 % of diopside might be created. This Mg-rich wollastonite
solid solution is eventually transformed by increasing time or raising the heat treatment
temperature to wollastonite and diopside [38].

By increasing Al3+ ions (from G10 to G80), the formation of diopside, anorthite,
and cordierite phases at the expense of wollastonite is noticed. Thus the values of the
expansion coefficients (α) of glass–ceramic samples are decreased. Consequently, higher
Tg temperatures could be expected.

The thermal expansion property of the crystalline solids is relatively different from
that of the parent glasses. The thermal expansion coefficient (α) of the glass–ceramics is
a function of the thermal expansion coefficients, and elastic properties of all precipitated
crystalline phases, residual glass, and the resulting microstructure. An extensive range of
thermal expansion coefficients is covered by the different crystal types [39].

Wollastonite has an α-value of 94 × 10−7 ◦C−1 [40], but anorthite has α-values of
51−64 × 10−7 ◦C−1 [41].

Cordierite is well known for its very low thermal expansion coefficient of about
2.5 × 10−6/◦C [42]. However, the CTE of cordierite may depend on the nature and amount
of phases that coexist with it in the glass–ceramic sample [43]. The above α-values give a
good explanation of the noticeable decrease in thermal expansion of the studied samples
(Table 3 and Figure 7).

The thermal expansion coefficient (CTE) of the diopside is registered to be
83.0 × 10−7 ◦C−1 [44,45].
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The co-existence of diopside, which has a high thermal expansion coefficient, with
anorthite, which has a comparatively lower value of α, leads to a lowering of the thermal
expansion coefficient of the final glass–ceramic product (G50–G70).

In samples (G50–G80), it was observed that the presence of both CaO and Al2O3
containing crystalline phases leads to a decrease in the thermal expansion of the glass–
ceramic samples. Al2O3 is mainly efficient in this concept. The α-values of samples
G50–G80 (with CaO and Al2O3 containing phases) were lower than those of samples G10–
G40, free from Al2O3 containing phases and composed of crystalline phases with high CTE
values, which are β-wollastonite, para-wollastonite and diopside.

It is worth mentioning that β-wollastonite (CaSiO3) contains triclinic wollastonite
and monoclinic parawollastonite. These forms are not easily differentiated except for
single-crystal X-ray investigation [46]. The stabilities of β- and para-wollastonite phases
are likely to be very similar; because of the presence and intergrowth of both forms [47].

4. Conclusions

1. The high-performance glass–ceramic materials were successfully obtained through a
wollastonite–cordierite system based on industrial waste and natural raw materials.

2. The present results showed that the by-pass cement dust could be used in quantities
that may exceed 60% of the batch weight to produce glass–ceramic materials. This
application may pave the way for the disposal of this waste in an environmentally
friendly manner. By-pass cement and natural raw materials can be used successfully
in preparing glass–ceramic materials without any chemical additives.

3. These glass–ceramic materials have been used for different purposes, such as floor
and wall tiles, benchtops, sewer pipes, and many others.

4. Cleaning, environmental protection, and public health preservation by getting rid of
by-pass cement dust through the preparation of glass–ceramic materials.

5. It was found that β-wollastonitte is formed at low temperatures, and this helps to
save energy and then turns into parawollastonite at higher temperatures. Accordingly,
glass–ceramic materials containing β-wollastonite have a better economic value due
to their formation at low temperatures.

6. A fine-grained microstructure is obtained in the samples that are cordierite-rich.
7. Increasing the time of heat-treatment at endothermic temperature helped form fine-

grained microstructures.
8. Obtaining glass–ceramic materials with low thermal expansion ranging from 6.216

to 2.618 × 10−6 (in the range of 20–700 ◦ C) decreased with an increasing percentage
of cordierite.
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Abstract: Secondary aluminum dross (SAD) is a hazardous solid waste discharged from aluminum
electrolysis and processing and the secondary aluminum industries, which causes severe environmen-
tal pollution and public health disasters. The stable presence of the α-Al2O3 and MgAl2O4 phases in
SAD makes it difficult for it to be efficiently utilized. A combined dry pressing and alkaline roasting
process was proposed for extracting the valuable Al element from SAD. Two alkaline additives
(NaOH and Na2CO3) were selected as a sodium source for extracting the aluminum source from
SAD in order to perform the thermodynamic analysis and roasting experiments. The phase transition
behavior and the leaching performance tests were conducted using X-ray diffraction, scanning elec-
tron microscopy, X-ray fluorescence, leaching kinetics and thermal analysis. The recovery of Al and
Na reached the values of 90.79% and 92.03%, respectively, under the optimal conditions (roasting
temperature of 1150 ◦C, Na2CO3/Al2O3 molar ratio of 1.3, roasting time of 1 h, leaching temperature
of 90 ◦C, L/S ratio of 10 mL·g−1 and leaching time of 30 min). Meanwhile, the removal efficiency of N
and Cl reached 98.93% and 97.14%, respectively. The leaching kinetics indicated that the dissolution
of NaAlO2 clinkers was a first-order reaction and controlled by layer diffusion process. The green
detoxification and effective extraction of the Al element from SAD were simultaneously achieved
without any pretreatments.

Keywords: aluminum dross; recycling; thermodynamic analysis; kinetics

1. Introduction

With the rapid development of the global aluminum industry, the accumulation
of hazardous solid wastes has become a serious environmental problem. Aluminum
dross (AD) is a hazardous solid waste discharged during the electrolysis, processing and
regeneration of aluminum, which can usually be divided into primary aluminum dross
(PAD) and secondary aluminum dross (SAD). Primary aluminum dross (PAD) is generated
in primary smelters and contains 15–80% metallic aluminum [1]. On the other hand, SAD is
a by-product of PAD produced after mechanical screening or remelting with flux to recover
the metallic aluminum, and it contains less than 10% aluminum [2]. Currently, the recovery
process for extracting metallic aluminum from PAD is comparatively mature and has been
applied in most of the aluminum processing plants [3]. The composition of SAD depends
on the sources of aluminum scrap, the remelting technology, the type of additives, and the
employed process. Generally, SAD consists of alumina (Al2O3), aluminum nitride (AlN),
metallic aluminum, magnesium aluminum spinel (MgAl2O4), other impurity oxides and
salts [4]. Globally, the aluminum industry generates more than 3 million tons of SAD every
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year. Around 95% of the SAD is stockpiled in landfill sites due to its complex composition
and the technical difficulties involved in processing it [5].

The toxic and hazardous substances in aluminum dross are mainly AlN and chloride
salts. Aluminum nitride (AlN) is produced due to the reaction of molten aluminum with
nitrogen during the formation of AD, which reacts very easily with water and moist
air to release toxic and irritating ammonia [6]. One ton of SAD is capable of releasing
approximately 109 m3 of ammonia, which can burn the skin and the respiratory tract and
even cause serious pulmonary diseases [7]. Ammonia also reacts with acidic gases in the
atmosphere to produce aerosols of ammonium salts, posing severe air pollution risks. The
arbitrary stockpiling of SAD can lead to the infiltration of soluble chlorides into the soil and
groundwater, posing a serious environmental threat. Additionally, as the particles of SAD
are extremely fine, they are easily dispersed in the air during processing, transportation
and landfill, causing silicosis and bronchitis through excessive inhalation [8]. Therefore,
SAD is considered as a hazardous solid waste in most of the countries [9].

The development of more sustainable processes to mitigate environmental pollution is
absolutely essential. Considering hazardous wastes as alternative materials for preparing
valuable products is a potential method for reducing the generation and management of
wastes [10]. SAD is an excellent alternative resource for the development of the alumina
industry, especially in view of the increasing alumina production and the growing scarcity
of bauxite [11]. However, due to the complex composition of SAD and technical limitations,
it is difficult to effectively extract Al elements from SAD.

In recent years, scholars have aimed to develop a variety of methods for the efficient re-
covery of Al element from SAD under different extraction conditions [12,13]. Some of them
have achieved good results. However, there is no single method that can simultaneously
achieve high Al extraction efficiency from SAD in a sustainable process [14]. Therefore, the
large-scale utilization of SAD is severely restricted, and most studies are still conducted at
the laboratory scale [15]. Current studies on the extraction of Al from SAD mainly focus
on two processing routes: pyro-metallurgical and hydro-metallurgical processes [16]. The
pyro-metallurgical processes mainly involve the alkaline roasting process with a leaching
pretreatment and the plasma arc melting process. High Al extraction efficiency and high
purity products can be achieved using the former process. However, this process requires a
leaching pretreatment for the desalination and denitrification, which produces toxic ammo-
nia and salt-containing waste liquid, thus greatly increasing the recovery costs [17]. The
extremely high processing temperatures and energy consumption of the latter process make
it unattractive for large-scale applications. The hydro-metallurgical routes are generally
carried out by acidic or alkali leaching [18,19].

The acid leaching causes the impurity ions (Mg2+, Fe3+, Ca2+, NH4+ and Cl−) in SAD
to enter the leaching solution, which makes it difficult to separate them from valuable
aluminum ions and synthesize high-purity products [20,21]. Moreover, the alkaline leaching
can yield high-purity NaAlO2 solutions for the synthesis of high-value products; however,
the recovery of Al obtained under either atmospheric or high pressure is too low [22]. The
main problem with hydro-metallurgical routes is that a large amount of the stable α-Al2O3
and MgAl2O4 phases in SAD is difficult to dissolve in acid or alkali solution, resulting in
the low recovery of Al [23,24]. Therefore, the key to developing a sustainable process for
recycling SAD into a valuable product lies in the efficient recovery of the Al element [25,26].

In the present study, a novel promising method comprising of dry pressing and
alkaline roasting is developed, as shown in Figure 1. The proposed process aims at
economically achieving high Al recovery.
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Figure 1. Flowchart of the preparation of alumina using SAD as the raw material.

2. Materials and Methods

The process presented in Figure 1 consists of three stages of dry molding, roasting
and alkaline leaching. First, according to the content of Al element, SAD was mixed with a
certain amount of alkali. The mixture was dry pressed under a constant pressure to produce
cylindrical samples. Then, the clinkers were roasted at a high temperature and leached
in alkaline solution to obtain NaAlO2 solution, which can be used to produce alumina.
During the roasting process, AlN was decomposed into harmless N2, while the chlorate
was separated and recovered after volatilization into the gaseous phase.

First, the thermodynamic analysis was carried out. Then, the roasting and leaching
experiments were conducted to investigate the phase transition and to optimize the recovery
efficiency. The leaching kinetics and the apparent activation energy of the NaAlO2 leaching
process were discussed. The developed extraction process described here has several
innovations, some of which are as follows:

(1) The roasting process can achieve the sustainable treatment and extraction of the
valuable Al element from SAD without any pretreatment. (2) Dry pressing was applied
to avoid the generation of harmful ammonia and liquid waste and to decrease the energy
consumption of the roasting process. (3) The reaction exhibited a high yield and was simple
and sustainable. (4) The chlorate in the SAD was volatilized in the roasting process and
could be recovered after condensation.

2.1. Materials

The SAD used in this study came from an aluminum remelting plant in Guangxi, China.
The X-ray diffraction (XRD) analysis of the SAD showed that the aluminum-containing
phases included the metallic aluminum, α-Al2O3, γ-Al2O3, AlN and MgAl2O4, as shown
in Figure 2. These were the products of the reactions of the molten aluminum with the O2,
N2 and Mg impurities during the formation and remelting of the SAD. Additionally, some
impurity oxides (Fe2O3 and SiO2) and salts, including chlorides (NaCl) and fluorides (CaF2),
were present in the SAD. The salts were added as a flux during the melting process to
facilitate the heat transfer and reduce the oxidation of the molten aluminum. The chemical
analysis of the SAD is presented in Table 1. Nearly 40 wt.% of the sample was made up of
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Al element, indicating that the SAD was a solid waste with a high utilization value. All the
nitrogen was transformed into the phase of AlN with a content of 19.62 wt.%.

Figure 2. XRD pattern of the SAD sample.

Table 1. Chemical composition of SAD.

Element Al O N F Na Ca Si Mg Fe K Cl

Content (wt.%) 38.23 38.14 6.7 0.25 2.16 0.32 2.04 6.18 1.04 0.57 4.2

2.2. Experimental Procedure

Figure 3 illustrates the schematic of the experimental setup. First, 100 g of SAD was
accurately weighed and mixed thoroughly with a certain amount of alkali. In order to
produce the specific compounds during the roasting process, the formulation of the SAD
and alkali was controlled according to the molar ratio of Na2O to Al2O3 (n(N/A)). The
mixtures were dry pressed at 30 MPa to produce cylindrical samples with a diameter
and length of 20 mm and 40 mm, respectively. The cylindrical samples were placed in a
corundum crucible with dimensions of 120 mm × 80 mm × 30 mm and roasted in a muffle
furnace under an atmospheric environment at a preset temperature for 1 h, with a constant
heating rate of 10 ◦C min−1. The crucible was taken out and placed in a desiccator to cool to
room temperature. The roasting clinkers were crushed to 200 mesh in a mortar and leached
in caustic liquor to obtain NaAlO2 solution. The leaching residue was filtered and rinsed
several times with boiling water. According to the industrial dissolution conditions of bauxite
clinkers, the caustic concentration of the leaching solution was maintained at 60 g· L−1.

Figure 3. Schematic of the experimental setup and procedure.
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2.3. Characterization Methods

The Gibbs free energy of the chemical reactions that can occur during roasting was
analyzed using the reaction module of the software package Factsage (ver. 7.0, Thermfact,
Montreal, Canada). The contents of Al and Na in the roasting clinkers and leaching residues
were determined using X-ray fluorescence (XRF), and the recovery efficiencies of the Al
and Na were calculated using Equations (1) and (2), respectively:

ηAl= [Al 1 − Al2(Mg 1/Mg2)/Al1 (1)

ηNa= [Na 1 − Na2(Mg 1/Mg2)/Na1 (2)

where Al1, Mg1 and Na1 are the contents of Al, Mg and Na in the roasting clinkers,
respectively, wt.%; and Al2, Mg2 and Na2 are the contents of Al, Mg and Na in the leaching
residues, respectively, wt.%. The content of soluble chlorate in the SAD samples was
determined using a chloride ion activity meter (PCL-202, INESA Scientific Instruments,
Shanghai, China). The content of AlN in the SAD samples was determined using the
Kjeldahl method [27].

For the mineralogical study, an X-ray diffractometer (PW1710, Philips, Amsterdam,
The Netherlands) was used with Cu Kα-radiation at 40.0 kV and 30.0 mA. The XRD
tests were conducted within the 2θ range of 10–60◦ using a scanning speed of 0.1◦·min−1.
Before testing, the samples were crushed to pass through a 200-mesh sieve and dried
in an oven at 105 ◦C for 2 h. The diffractograms were identified with the help of the
ICDD (International Centre for Diffraction Data) Powder Diffraction File (PDF-2) reference
database and the Jade (vs. 6.0). The chemical composition of SAD was determined by
XRF (mAX, AXIOS, Alamelo, The Netherlands). Micrographs of the roasting clinkers and
leaching residues were observed using a scanning electron microscope (Regulus 8100,
Hitachi, Japan) at an accelerating voltage of 15.0 kV. The microscopy samples were crushed
to pass through a 200-mesh sieve and dried in an oven at 105 ◦C for 2 h, then sprayed evenly
on the conductive adhesive and metal-lized with carbon in a vacuum evaporator (Q150T ES,
Quorum, East Grinstead, Britain). An EDS (ul-tra-DLD, Shimadzu, Kyoto, Japan) connected
with SEM was used to perform elemental anal-ysis on the sample particles. The elements
with the content of 3%~20 wt.% have the accuracy of relative error <10%. And the elements
with content greater than 20 wt.% have the higher accuracy of relative error <5%.

3. Results and Discussion

3.1. Thermodynamic Analysis

The amounts of the reactants and products under different roasting conditions were
predicted using thermodynamic analysis. Two alkalis (NaOH and Na2CO3) were selected
as additives to perform the thermodynamic analysis. The possible reactions and the changes
in Gibbs free energy are shown in Equations (3)–(11) and Figure 4.

Al2O3 + 2NaOH = 2NaAlO2 + H2O (3)

MgAl2O4 + 2NaOH = 2NaAlO2 + MgO + H2O (4)

Fe2O3 + 2NaOH = 2NaFeO2 + H2O (5)

2AlN + 2NaOH + 1.5O2 = 2NaAlO2 + H2O + N2 (6)

Al2O3 + Na2CO3 = 2NaAlO2 + CO2 (7)

MgAl2O4 + Na2CO3 = 2NaAlO2 + MgO + CO2 (8)

Fe2O3 + Na2CO3 = 2NaFeO2 + CO2 (9)

2AlN + Na2CO3 + 1.5O2 = 2NaAlO2 + CO2 + N2 (10)

SiO2 + NaAlO2 = NaAlSiO4 (11)
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Figure 4. Relationship of the changes in Gibbs free energy with the temperature for the reactions
during the roasting process.

From the reaction curves (3)–(6), it can be seen that the Gibbs free energy of the reac-
tions of Al2O3, MgAl2O4, Fe2O3 and AlN with NaOH were negative at room temperature,
which indicates that the thermodynamic reaction conditions are sufficient. The Al2O3 of
MgAl2O4 phase was combined with NaOH to obtain NaAlO2 and release MgO. More-
over, AlN was oxidized to generate non-toxic N2. The reaction curves (7)–(9) show that
the Gibbs free energy values of the reactions were negative only at higher temperatures,
which indicates that Na2CO3 was less active compared to NaOH. The reaction curve (10)
shows that the thermodynamic conditions for the reaction of AlN and Na2CO3 to produce
NaAlO2, CO2 and N2 were sufficient. From the reaction curve (11), it is clear that insoluble
NaAlSiO4 was produced by the combination of SiO2 and NaAlO2, resulting in the loss of
alumina in the SAD.

These results demonstrate that the reactions of the SAD with the two alkali additives
(NaOH and Na2CO3) were feasible. All the Al-containing compounds (Al, Al2O3, AlN
and MgAl2O4) in SAD can react with alkali additives to form readily soluble NaAlO2. In
addition, the other impurities (Mg, Fe, and Si) generated insoluble species, thus achieving
the separation and extraction of valuable aluminum elements from SAD.

3.2. Effects of Different Factors on the Roasting System

In order to ensure that the desired compounds are produced in the clinkers, the extent
of the roasting of the mixed materials should be strictly controlled. Since both the alkali
additives can thermodynamically react with SAD to produce the expected compounds, the
effects of these alkali additives on the roasting system were examined.

The effects of different factors on the recoveries of Al and Na were studied by con-
ducting a variety of experiments for each additive type, various roasting temperatures and
ingredients depending on the n(N/A) (see Table 2 and Figure 5).

Table 2. List of roasting parameters studied in the experiments.

Parameters Parameter Values Fixed Roasting Parameters Fixed Leaching Parameters

Roasting temperature (◦C) 850, 900, 950, 1000, 1050 Additive of NaOH, t = 1 h,
n (N/A) = 1.

C(Na2O) = 60 g/L, αk = 3.0,
T = 90 ◦C, t = 60 min

n(N/A) 1.0, 1.1, 1.2, 1.3, 1.4 Additive of NaOH,
T = 950 ◦C. t = 1 h.

Roasting temperature (◦C) 1000, 1050, 1100, 1150, 1200 Additive of Na2CO3, t = 1 h,
n (N/A) = 1.

n (N/A) 1.0, 1.1, 1.2, 1.3, 1.4 Additive of Na2CO3,
T = 1100 ◦C, t = 1 h.
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Figure 5. Recovery of Al and Na in roasting clinkers under different roasting conditions: roasting
temperature with NaOH additive (a), n(N/A) with NaOH additive (b), roasting temperature with
Na2CO3 additive (c), and n(N/A) with Na2CO3 additive (d).

3.2.1. Effects of Different Factors on the Recoveries of Al and Na

For the alkali additives, NaOH and Na2CO3, the recoveries of Al and Na in the clinkers
under different temperatures are shown in Figures 5a and 5b, respectively. As is evident
from Figure 5a,b, the roasting temperature had a significant effect on the recoveries of Al
and Na. With the increase in the roasting temperature, the recoveries of both the Al and
Na initially increased and then decreased. When NaOH was used as the additive, the
recoveries of Al and Na reached the maximum values of 83.47% and 89.06%, respectively,
at the roasting temperature of 950 ◦C. However, when Na2CO3 was used as the additive,
the highest recoveries of Al and Na had values of 80.90% and 88.72%, respectively, at the
roasting temperature of 1100 ◦C. Additionally, the recoveries of Al and Na were similar in
the within ±50 ◦C interval of the optimum temperature, which indicates that the range of
the optimum temperature was wide and simple to control.

On the one hand, the mixed materials primarily relied on the solid−solid reaction
during the roasting process. The generation of less liquid phase in the clinkers at low
roasting temperatures led to slow reaction rates, large porosity and poor dissolution
performance. On the other hand, the generation of a large amount of liquid phase in the
clinkers at high roasting temperatures resulted in the rapid volatilization of the alkali, low
porosity and poor dissolution performance [28]. Therefore, the appropriate liquid phase
and porosity of clinkers are available only at a certain roasting temperature, which offers a
better reaction rate and dissolution performance.

The n(N/A) is a critical parameter which affects the extraction of the valuable Al
element from SAD. The n(N/A) represents the amount of alkali additives which have been
added to the system. For the additives NaOH and Na2CO3, the recoveries of Al and Na in
the clinkers under different n(N/A) are shown in Figures 5c and 5d, respectively. As shown
in Figure 5c, when the n(N/A) was increased from 1.0 to 1.2, the recovery of Al increased
from 83.47% to 91.83%, whereas that of Na increased from 89.36% to 93.64%. When Na2CO3
was used as the additive, the n(N/A) of 1.3 was optimal for extracting NaAlO2, while
the Al and Na recoveries were 90.79% and 92.03%, respectively. This could be due to the
fact that the low quantities of alkali were not sufficient enough to adequately support the
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reaction of the aluminum-containing compounds (Al, Al2O3, AlN, and MgAl2O4) in SAD
with Na2O to produce soluble NaAlO2, thus resulting in a poor dissolution performance
of the clinkers. With the increase in the n(N/A), the recoveries of Al and Na gradually
declined. This can be attributed to the production of some insoluble substances due to
excessive amounts of alkali, which prevented the further dissolution of NaAlO2.

It is worth mentioning that the NaOH additive resulted in a lower roasting temperature
and slightly higher Al and Na recoveries compared to the Na2CO3 additive under the
optimal roasting conditions. However, due to the NaOH deliquescence, the mixed materials
were able to easily absorb the moisture in the air during the experiment, thus causing the
hydrolysis of the AlN in SAD and releasing a large amount of toxic ammonia. Additionally,
the produced cylindrical samples quickly lost their strengths, forming into a slurry. Therefore,
Na2CO3 was selected as the appropriate additive for the subsequent experiments.

3.2.2. Effects of Different Factors on the Mineralogical Phases

The mineralogical analysis of the roasting clinkers and leaching residues at various
roasting temperatures is illustrated in Figure 6. The main phases in the roasting clinkers
included NaAlO2, MgO, NaFeO2 and NaAlSiO4, which was consistent with the results
of the thermodynamic analysis. The diffraction peak intensity of NaAlO2 in the roasting
clinkers significantly increased from 1000 ◦C to 1050 ◦C, which was the critical solid phase
of the Al recovery. Moreover, SiO2 played a negative role in the recovery of Al because
SiO2 was able to react with soluble NaAlO2 to produce insoluble NaAlSiO4.

Figure 6. XRD patterns of the roasting clinkers (a) and leaching residues (b) under different roast-
ing temperatures.

After the leaching process, the NaAlO2 in the roasting clinkers was completely dis-
solved, and the NaFeO2 was hydrolyzed to generate insoluble Fe(OH)3 and release NaOH.
Therefore, the main phases in the leaching residues were MgO, MgAl2O4, Fe(OH)3 and
NaAlSiO4. The diffraction peak intensity of MgO in the leaching residues continued to
increase from 1000 ◦C to 1150 ◦C, while the diffraction peak intensity of MgAl2O4 sig-
nificantly decreased. This indicates that an increase in the temperature was beneficial to
the reaction (8). A small amount of MgAl2O4 was still observed in the roasting clinkers
and leaching residues due to the low amounts of Na2CO3. The phase composition of the
roasting temperature above 1150 ◦C remained unchanged, indicating that the mineralogical
phase of the roasting clinkers was more effective at 1150 ◦C, which is consistent with the
results shown in Figure 5c.

The XRD patterns of the roasting clinkers and leaching residues at different n(N/A) are
shown in Figure 7. As the n(N/A) increased, the diffraction peak intensities of NaAlO2 and
MgO in the roasting clinkers continued to increase, while the peak intensity of MgAl2O4
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continued to decrease. This shows that the reaction (8) was facilitated by increasing the
n(N/A). When the n(N/A) exceeded the value of 1.2, the SiO2 disappeared and NaAlSiO4
continued to decrease, while Na1.95Al1.95Si0.05O4 was generated as a result of the reaction
(12), and this was easily dissolved in the alkali solution [29].

0.1SiO2 + 1.95Na2CO3 + 1.95Al2O3 = 2Na1.95Al1.95Si0.05O4 + 1.95CO2 (12)

Figure 7. XRD patterns of the roasting clinkers (a) and leaching residues (b) under different
Na2CO3/SAD mass ratios.

With the increase in the n(N/A) from 1.0 to 1.3, the MgO in the leaching residues
significantly increased, while the MgAl2O4 continued to decrease, which is consistent with
the XRD results of the roasting clinkers. The phase composition of the system with an
n(N/A) of over 1.3 was essentially the same as that of the system with a lower molar ratio,
indicating that the mineralogical phases of the roasting clinkers with the n(N/A) of 1.3
were more effective, which is consistent with the results shown in Figure 5d.

3.3. Effects of Different Factors on the Leaching System

Since the structure of solid NaAlO2 is different from the structure of the aluminate
ions in the solution, the dissolution of NaAlO2 in the roasting clinkers is actually a chemical
reaction, as given by the reaction (13) [30].

Na2O·Al2O3(s)+4H2O = Na++2Al(OH)−4 (13)

In this section, the effects of various leaching factors including the leaching tempera-
ture, leaching time and liquid-to-solid ratio on the recovery of Al were evaluated. These
experiments were conducted at the roasting temperature of 1150 ◦C, n(N/A) of 1.3 and
roasting time of 1 h.

3.3.1. Effects of the Leaching Temperature

Figure 8a shows the recovery efficiency of the Al element in the roasting clinkers at
different leaching temperatures as a function of the leaching time. The reaction was severe
within the first 15 min, and the NaAlO2 in the roasting clinkers was continuously dissolved.
However, no significant increase in the recovery of the Al was observed with the further
extension of the time. When the leaching temperature was increased from 30 ◦C to 90 ◦C,
the 15 min Al recovery increased from 68.79% to 88.11%. The leaching temperature had a
significant impact on the recovery of the Al, because the increase in the temperature was
beneficial in accelerating the mass transfer and diffusion.
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Figure 8. Recovery of Al in the roasting clinkers under different leaching temperatures (a) and L/S
ratios (b), with fitting experimental data for different reaction orders: n = 0 (c), n = 1 (d) and n = 2 (e),
and the half-life of leaching process at n = 1 and n = 2 (f).

3.3.2. Effect of the Liquid-to-Solid (L/S) Ratio

The effect of L/S ratio within the range of 5–15 mL·g−1 on the leaching process was
investigated at a leaching temperature of 60 ◦C. As shown in Figure 8b, when the L/S ratio
was increased from 5 mL·g−1 to 10 mL·g−1, the recovery of the Al increased significantly.
However, when the L/S ratio was increased to 15 mL·g−1, the recovery of the Al became
relatively stable. Therefore, the L/S ratio of the leaching process had a significant influence
on the recovery of the Al within a certain range. Increasing the amount of leaching solution
can help to reduce the slurry viscosity and increase the concentration difference of the
aluminate ions on the solid–liquid interface, thus accelerating the dissolution of NaAlO2 in
the roasting clinkers. Therefore, an L/S ratio of 10 mL·g−1 was selected as the optimum
leaching condition for further experimentation.

3.4. Analysis of the Leaching Kinetics

The leaching process of the NaAlO2 in the roasting clinkers is a liquid-to-solid het-
erogeneous reaction system, which takes place at the phase interfaces. In order to obtain
a more efficient process, the kinetics of the dissolution of NaAlO2, including the reaction
rate constant, reaction order, activation energy and the rate-determining step, should be
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thoroughly evaluated. For the NaAlO2 dissolution in the roasting clinkers, the rate of
reaction is given by Equation (14) [29].

− dCAl
dt

= k CAl
n (14)

where CAl is the content of NaAlO2 in the roasting clinkers after leaching for time t, t is
the leaching time, n is the reaction order and k is the reaction rate constant, s−1.

The experimental results shown in Figure 8a were used to plot the different reaction
orders (n = 0, 1, and 2) in Equation (14) and the corresponding results are shown in
Figure 8c–e), respectively. The confidence level of the fitted straight line was high for the
first order reaction (n = 1), while the linear relationship exhibited strong agreement in
the second order reaction (n = 2), except for a slight deviation at 363.15 K. It has been
shown that many reactions can be satisfactorily correlated using both the first and second
order reactions. Therefore, it was not prudent to rely only on the linear correlation of
the reaction equation to determine the reaction order. The half-life method was used to
effectively determine the reaction order of the dissolution of NaAlO2 in the roasting clinkers
(Equation (15)):

χAl =
CAl, 0 − CAl

CAl, 0
(15)

The logarithmic form of Equation (15) is expressed as Equation (16):

k =
1
t

ln
1

1 − χAl
(16)

where χAl is the dissolution rate of NaAlO2 in the roasting clinkers at the time t, and CAl, 0
is the initial NaAlO2 content in the roasting clinkers.

When the dissolution rate of NaAlO2 was 50% (χAl = 0.5), the half-life of the first order
reaction t1/2 is given by Equation (17), whereas the half-life of the second order reaction
t′1/2 is written as Equation (18):

t1/2 =
ln 2

k
(17)

t′1/2 =
1

k CAl, 0
(18)

The half-life results for first and second order reactions at different leaching tem-
peratures are shown in Figure 8f. When the reaction order was one (n = 1), the half-life
of the dissolution of NaAlO2 within the leaching temperature of 303.15–363.15 K was
7.67–4.05 min. However, when the reaction order was two (n = 2), the half-life within the
temperature of 303.15–363.15 K was 6.15–1.82 min. Combined with the experimental results
shown in Figure 8a, the half-life showed high reliability in first order reaction, indicating
that the dissolution of the NaAlO2 was proportional to the reactant concentration.

The temperature dependence of the leaching reaction rate constant is expressed using
the Arrhenius correlation (Equation (19)):

k = A · exp(−E a /RT) (19)

where k is the overall reaction constant, A is the pre-exponential factor (min−1), R is the
ideal gas constant (8.3145 J·mol−1·K−1) and Ea (J·mol−1) is the apparent activation energy
of the dissolution of NaAlO2. The Arrhenius correlation can be rewritten in logarithmic
form as Equation (20):

ln k = lnA − Ea

RT
(20)

In general, when the activation energy is 40–300 kJ·mol−1, the reaction is controlled
by the interface. However, when the activation energy is 8–20 kJ·mol−1, the reaction
is controlled by the diffusion process [30]. Finally, the activation energy (Ea) calculated
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from the slope of Figure 9 was found to be 9.69 kJ·mol−1, which is lower than the value of
20 kJ·mol−1, thus confirming that the dissolution of NaAlO2 was controlled by the diffusion
process. This result is also similar to the result of the dissolution of NaAlO2 mentioned in
He’s study, where the activation energy was reported to be 11.4010 kJ·mol−1 [30].

Figure 9. Relationship between the leaching rate constant k and temperature T.

3.5. Thermal Analysis and Product Characterization

In order to further evaluate the phase transition of the roasting process, the thermo-
gravimetric and differential scanning calorimetry (TG-DSC) curves of the mixed materials
of SAD and Na2CO3 (n(N/A) of 1.3) at a heating rate of 10 ◦C·min−1 are shown in Figure 10.

Figure 10. TG-DSC curves of SAD–Na2CO3 mixtures for the n(N/A) of 1.3.

The weight loss of the mixed materials can be divided into three stages: (1) from room
temperature to 550 ◦C, the weight loss was caused by the evaporation of the attached water,
and the weight was reduced by 1.24%; (2) from 550 ◦C to 1050 ◦C, CO2 was released due
to the reaction of Na2CO3 with the components in the SAD, resulting in a weight loss
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of 8.78 wt.%, which is also supported by the fact that Na2CO3 cannot undergo thermal
decomposition within the temperature range of 550–1050 ◦C; (3) from 1050 ◦C to 1200 ◦C,
the weight of the sample remained basically unchanged, indicating that the main reaction
was completed.

The DSC curve showed three obvious endothermic peaks at 564 ◦C, 686 ◦C and 820 ◦C
in the heating process of the mixed materials. Additionally, two obvious exothermic peaks
at 904 ◦C and 1052 ◦C were observed. The enthalpy changes in the main reactions during
the roasting process (see Section 3.1) are presented in Table 3, which indicate that the
reactions (7)–(9) were endothermic, while the reactions (10) and (11) were exothermic.
Previous studies have shown that Al2O3 and Na2CO3 react mainly at 500–700 ◦C, whereas
Fe2O3 reacts with Na2CO3 at about 850 ◦C. Combining the thermodynamics calculations,
XRD results and the TG-DSC analysis, the endothermic peaks at 564 ◦C, 686 ◦C and 820 ◦C
should be attributed to reactions (7), (8) and (9), respectively. In addition, the exothermic
peaks at 904 ◦C and 1052 ◦C corresponded to reactions (11) and (10), respectively, which
were determined using the changes in enthalpy. The main chemical reactions of the roasting
process were completed at around 1150 ◦C, which was consistent with the optimal roasting
temperature derived in Section 3.2.

Table 3. Enthalpy changes in the reactions during the roasting process.

Reactions ΔH at 500 ◦C (kJ·mol−1) ΔH at 1000 ◦C (kJ·mol−1)

Al2O3 + Na2CO3 → 2NaAlO2 + CO2 110.00 85.90
MgAl2O4 + Na2CO3 → 2NaAlO2 + MgO + CO2 154.58 132.19

Fe2O3 + Na2CO3 → 2NaFeO2 + CO2 135.38 90.93
AlN + 0.5Na2CO3 + 0.75O2 → NaAlO2 + 0.5CO2 + 0.5N2 −452.605 −461.11

SiO2 + NaAlO2 → NaAlSiO4 −69.95 −38.98

The micromorphology of the roasting clinkers and leaching residues with the n(N/A)
of 1.3 were observed using a scanning electron microscope (SEM). The energy dispersive
spectroscopy (EDS) images are shown in Figure 11e–h. Figure 11a,b shows that the particles
in the roasting clinkers were clustered and had a particle size of about 10–30 μm. The shape
of the NaAlO2 particles was smooth and irregular. The morphology of the MgO particles
was agglomerated and spherical, with a particle size of 2–4 μm. Figure 11c shows that the
NaAlSiO4 in the leaching residues had a smooth block-shaped appearance, while MgAl2O4
was octahedral, as shown in Figure 11d.

The chemical compositions of the roasting clinkers and leaching residues under opti-
mal conditions (roasting temperature of 1150 ◦C, Na2CO3/Al2O3 molar ratio of 1.3, roasting
time of 1 h, leaching temperature of 90 ◦C, L/S ratio of 10 mL·g−1 and leaching time of
30 min) are presented in Table 4. The contents of N and Cl in the roasting clinkers reduced
to 0.072 wt.% and 0.12 wt.%, respectively. Moreover, the AlN was oxidized to produce
harmless N2, and the chloride was evaporated to the gaseous phase, which was recovered
after the condensation. The removals of N and Cl reached 98.93% and 97.14%, respectively.
Therefore, the green toxification of SAD can be achieved in the roasting process without
any pretreatment.

Table 4. Compositions of the roasting clinkers and the leaching residues under optimal conditions (%).

Roasting Clinkers Al O F Na Ca Si Mg Fe N K Cl

Content (wt.%) 27.06 34.88 0.19 29.67 0.24 1.55 4.98 0.79 0.072 0.19 0.12
Leaching residues Al O F Na Ca Si Mg Fe N K Cl

Content (wt.%) 10.64 43.63 0.87 10.10 1.36 7.52 21.27 4.26 0.04 0.06 0.03
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Figure 11. SEM micrographs of the roasting clinkers (a,b), leaching residues (c,d) and EDS (e–h).

4. Conclusions

SAD is a hazardous solid waste as well as an alumina-rich resource. The safe disposal
and cost-effective recycling of SAD are serious challenges. A combined dry pressing and
alkali roasting process was developed for the sustainable extraction of the valuable Al
element from SAD. Based upon the results, the following conclusions can be drawn:

1. Both alkali additives (NaOH and Na2CO3) could react efficiently with SAD to obtain
high recoveries of Al and Na. However, due to the deliquescence of the NaOH, the
AlN reacted with water to rapidly release large amounts of NH3. Therefore, the NaOH
additive was not suitable for the dry pressing step.

2. The molar ratio of Na2CO3/Al2O3 and the roasting temperatures significantly affected
the phase composition and leaching performance of the roasted products. Under
optimal conditions, the recoveries of the Al and Na in the roasting clinkers reached
the values of 90.79% and 92.03%, respectively.

3. The removal efficiencies of the N and Cl reached the values of 98.93% and 97.14%,
respectively. The green detoxification and efficient extraction of the valuable Al from
the SAD were simultaneously achieved in the roasting process. This process has the
sustainable developing and practical application on SAD recovery.

4. The leaching kinetics showed that the NaAlO2 dissolution in the roasting clinkers
was a first order reaction and controlled by a layer diffusion process. The apparent
activation energy was 9.69 kJ·mol−1. The experiments of desilication and crystal
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seed decomposition can be conducted on synthesized metallurgical grade alumina
in future.
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Abstract: There has been increasing interest in green and recyclable materials to promote the circular
economy. Moreover, the climate change of the last decades has led to an increase in the range of
temperatures and energy consumption, which entails more energy expenditure for heating and
cooling buildings. In this review, the properties of hemp stalk as an insulating material are analyzed
to obtain recyclable materials with green solutions to reduce energy consumption and reduce noise to
increase the comfort of buildings. Hemp stalks are a low-value by-product of hemp crops; however,
they are a lightweight material with a high insulating property. This study aims to summarize the
research progress in materials based on hemp stalks and to study the properties and characteristics of
the different vegetable binders that could be used to produce a bio-insulating material. The material
itself and its microstructural and physical aspects that affect the insulating properties are discussed,
as is their influence on durability, moisture resistance, and fungi growth. Research suggests using
lignin-based or recyclable cardboard fiber to develop a bio-composite material from hemp stalk, but
long-term stability requires further investigation.

Keywords: hemp stalk; bio-insulating material; sustainability; sound absorbing properties; thermal
absorption properties; green composite material

1. Introduction

Energy consumption has been increasing in recent decades, as has its consequent
increase in greenhouse gas emissions into the atmosphere. In the building sector, climate
conditioning consumes 45% of the total energy consumption in the building [1]. This
effect is increased every year as long as more and more energy is needed to keep ideal
temperatures. Due to the new requirements, studies are carried out to improve the energy
performance of buildings, either through passive or active techniques. The demand for
green buildings, “a building that, in its design, construction or operation, reduces or
eliminates negative impacts, and can create positive impacts, on our climate and natural
environment,” [2] will increase substantially in the coming years. Through this type of
technology, it is possible to reduce the carbon footprint of human activities and to achieve
the objectives set in the Paris Agreements, to aim at “net-zero” emissions by 2050 [3].

A technique that can be explored in this field of research is the improvement of the
performance of insulating materials based on green materials [4,5] with a positive carbon
footprint [6]. Biomaterial or eco-friendly materials are materials that are produced and
used in a way that minimizes harm to the environment. These materials are biodegradable,
renewable, and sustainable, and have a reduced carbon footprint compared to traditional
materials, reduce the amount of waste generated, and decrease the need for virgin materials.
The use of eco-friendly materials is an important step towards achieving a more sustainable
future. The European Industrial Hemp Association (EIHA) states that the hemp industry
is an economically viable and socially responsible enterprise, as it contributes to restor-
ing ecological balance and achieving decarbonization goals for a promising sustainable
economy [7].
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Hemp, cannabis sativa L., is a crop that can grow rapidly and yield up to four harvests
in a single year. It is mainly produced for industrial or food purposes and is available in
different varieties, each suited for specific applications. Hemp is a multi-functional crop
with diverse applications across several fields. Despite its versatility, hemp cultivation
declined globally in the 20th century due to the emergence of synthetic fibers that were
cheaper to produce and possessed superior properties [8].

In recent years of the 21st century, hemp has aroused interest in the scientific commu-
nity, considerably increasing the number of related publications in recent years (Figure 1).
The figure shows the number of published articles only by ScienceDirect and MDPI to con-
firm the incremental tendency of scientific interest. However, the review takes into account
articles published with other editors, considering the year of publication, methodology,
and citations of each article.

Although it is primarily used in the textile industry, with the advent of the industrial
era, other parts of the plant have been utilized in the market, leading to an increased range
of products and applications [9]. These applications include fibers for textiles, seeds and
oils for food, biomass fuel, construction materials, insulation for automotive textile parts,
paper production from cellulose, and medicinal uses.

Figure 1. Number of articles published in ScienceDirect and MDPI about hemp and green insula-
tion materials.

The remarkable versatility of hemp, increased farming productivity, rising demand
resulting from emerging applications, and the growing need for eco-friendly materials have
led to a surge in hemp farming in recent years. Despite the great farming tradition, new
studies are still important to optimize the farming of hemp due to the numerous varieties
of the crop. It is important to note that the usage and production of natural fibers are
influenced by the customs and traditions of specific countries and regions. For example,
China and Bangladesh, both located in Asia, have a rich history of the use of natural fibers,
particularly jute, sisal, and coconut. Conversely, France and Belgium are renowned for
being major producers of flax, whereas North America, despite its significant economic im-
pact, does not possess the same level of prominence in relation to natural fibers. West Africa,
Latin American countries, and India are the major oil palm cultivating countries [10–13].
In the case of hemp production, in Spain, according to data from the Ministry of Agri-
culture, in 2016, there were 61 ha devoted to hemp cultivation, and in 2020, that number
increased to 510 ha [14]. This trend is also being reflected in the world, with Canada,
the USA, China, and France being the countries with the highest number of hectares of
hemp farms [15–17]. Industrial hemp production grew over 70% in Canada [18]. The US
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has increased its production from 9000 ha in 2016 to 93,000 in 2019 [19,20]. Furthermore,
the estimation of the industrial hemp market presents gratifying results: the market size
was estimated at $4.13b in 2021 and was expected to grow at a compound annual growth
rate (CAGR) of 16.8% from 2022 to 2030 [21].

In addition to the innovations in the production of hemp, there are others related to
less widespread applications, such as the use of fibers not only in the manufacture of textiles
but also in construction, due to their mechanical properties when composite materials are
manufactured from hemp fibers, obtaining a substitute material for synthetic fibers [22,23].
It also shows great potential in its use for biomass as a substitute for coal [18,24] or to
produce activated carbon derived from hemp crops that can be utilized as an electrode
material in a hybrid supercapacitor in order to produce a more environmentally friendly
form of energy storage [25]. The reduction of CO2 emissions can also involve the use of
hemp, which can be utilized for its negative carbon footprint. Moreover, hemp biomass can
also be processed into biochar, which has the ability to absorb various types of organic and
inorganic pollutants in an environmentally friendly manner [26].

However, currently, there is a part of the plant that does not have a specific application,
and most of such material is treated as a low-value by-product of hemp crop or crop waste.
Despite the fact that hemp stalk is used in building applications or to breed animals, those
applications do not cover all the offers of the material [24]. The hemp stalk is localized in
the inner part of the stem and represents more than 50% of the entire plant by weight [27].
Despite not having any specific application that satisfies all the offers, it has interesting
properties as an insulating material. In addition, it is a biomaterial that contains cellulose
and has woody fibers. Hemp fiber is one of the vegetable fibers that contain the highest
percentage of cellulose (70–74%) [22,28]. Although the hemp stalk has a lower amount of
cellulose than the fibers, the percentage is still considerable (Table 1).

Table 1. Percentage of cellulose contained in hemp stalk.

Cellulose (%) Hemicellulose (%) Lignin (%) Reference

44 18 28 [29]
50–60 15–20 20–30 [30]
34–44 31–37 19–28 [31]

49 25 25 [32]

The objective is to revalue a hemp by-product, hemp stalk (Figure 2) as the main
material to develop a new biomaterial to use in green building will be reviewed, due to
its insulating properties [33–35], positive carbon footprint, and its capability to produce
a circular economy as a green material [36–38]. All these characteristics could be used to
provide the stalk with new applications that add value to the material and, moreover, will
increase the value of hemp farming [39]. So, in this way, more ecological materials will
be produced.

Figure 2. Hemp stalk.

The main focus of this review is to cover the properties of hemp stalks and different
green materials that can be used as a binder to develop a green insulating material based on
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hemp stalks. Recently published papers indicate that lignin-based resin, bio-epoxy resin [5],
and recyclable cardboard fiber [40] are potential binding materials for developing a new
bio-composite material based on hemp stalk. While this new bio-composite material based
on hemp stalk and eco-friendly binding materials shows promise as a replacement for tra-
ditional inorganic insulating materials in building construction, further research is needed
to improve its long-term stability. It is important to ensure that the material maintains
its structural integrity and insulating properties over time to ensure its effectiveness and
durability in real-world applications. Continued investigation and development of this
material will be crucial to its success as a sustainable building material.

2. Insulating Material

Thermal/sound-insulating materials are materials that prevent the transfer of heat
or sound. In the case of a building, the insulating materials improve the performance of
energy consumption and provide a more comfortable area. The most used materials are
rock wool and EPS (Expanded Polystyrene).

One of the most attractive properties of hemp is its insulating properties [41]. Moreover,
in comparison with conventional materials, natural fibers have similar hygrothermal
properties, and the process of retrofitting historical building envelopes is made more
harmonious by their involvement [42].

2.1. Insulating Properties of Hemp Stalk

Hemp possesses exceptional insulating qualities, which are retained in the stalk. One
of the primary advantages of using hemp stalk is its affordability, coupled with its insulation
performance. However, ensuring its long-term stability as well as its chemical compatibility
with various binders is crucial [43]. Since hemp is a particulate material, its mechanical
properties, as well as thermal and acoustic insulation capabilities, are dependent on the
sample’s morphology. Therefore, the internal porosity of the material is the critical factor
that determines its performance [44].

In the case of acoustic properties, the parameters of the hemp particles that influence
its acoustic properties are the density of the particles, the bulk density, the thickness of the
particles, and the shape factor [45]; this relationship is also shown in other biomaterials.
On the other hand, the results also show that for low-frequency waves, acoustic insulation
is not very effective due to the porosity of the material, although acoustic absorption can be
increased in this range of frequencies by making a sandwich-type material.

Decreasing the stalk particle size improves the acoustic properties, the best case being
those with an average length of 4 mm. Furthermore, the internal porosity can be predicted
from the density of the particles [45,46]. At a microscopic level, hemp has a structure that
brings on the absorption of acoustic waves due to the voids provided by the porosity of the
material [33]. Hemp has a porosity of 78% with pores between 0.9–3 μm [47,48]. This study
determines that the optimal properties for increasing the acoustic absorption of the stalk
are for a particle to be 6 mm long with a density of 0.3 g/cm3.

In the case of thermal insulation, it increases energy efficiency by reducing heat transfer
with the outside and saving energy in the air conditioning of buildings. The porosity also
contributes to its high thermal properties, although in this case, the properties of the
matrix composite material are more influential properties for the final property of the
biomaterial composite.

According to the hemp stalk’s insulating properties, Table 2, hemp stalk is a green material
that can be used in insulating applications, even though its properties are less competitive
than commercial materials. The thermal conductivity of rockwool is 0.036–0.037 (W/m k)
(28%, better performance than hemp stalk) [49,50] and EPS have 0.038 [50] (28%, better
performance than hemp stalk). The acoustic absorption (α) of rockwool is 0.98–0.99 [51,52]
(0.1 dB/dB, better performance than hemp stalk) and EPS 0.8–0.9 [53] (same performance
of hemp stalk).
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Table 2. Properties of hemp stalk.

Thermal
Conductivity

(W/m k)

Acoustic
Absorption (α)

Density ρshives
(kg/m3)

Porosity
φinter(%)

Reference

- 0.7–0.95 80–160 65–85 [45,46]
0.049–0.082 0.88–0.95 110–125 40 [47]
0.064–0.115 0.88–0.99 97–120 - [54]

0.051 - 72 70–80 [55]

The elastic modulus of the hemp stalk (10–16 GPa) depends on its position in the
stem of the plant according to the height at which it is located [56,57]. However, the area
where the elastic modulus is greater is different among the species of hemp. The differences
between the elastic modulus correspond to an increase or decrease in the size of the cell
wall along the stem [56]. No studies have been found that prove whether these differences
in cell size affect the insulating properties, detecting a research gap that could be the
basis of interesting future research to increase hemp performance as raw material for
insulating applications.

The properties shown by the stalk are suitable for use as both thermal and acoustic
insulating material. However, it is a particle material, so it is necessary to use a vegetal
binder to manufacture green composite material. In this insulating application, the me-
chanical resistance of the material is not a critical value; it is only necessary that it satisfy
the minimum requirements and be a stable material.

2.2. Binder Materials for Hemp Stalk

This review focuses on green materials; however, there are not many studies with a 100%
green material, so some results of non-green binder will be presented to study the behavior of
the material and find out which green materials can obtain the best performance.

Different applications are being studied to use hemp stalk, taking advantage of its low
price, such as using it as insulation in buildings and adding lime to form non-structural
blocks [58,59]. Seeking a sustainable substitute for traditional walls, researchers carried
out a study of the acoustic absorption properties of lime and hemp stalk walls, obtaining
an average of between 40–50% acoustic absorption, obtaining better results with the less
hydric binders and which can be manufactured on-site or placed as prefabricated units [60].
The main advantages of hempcrete are the insulating properties provided by the hemp
stalk, and the lime binder provides protection against moisture, fungi, and fire [61]. In the
same approach, adding hemp particles to the mortar as aggregates reduces its density,
increases the insulating properties, and the material will increase the capability of CO2
storage. Nevertheless, the mechanical properties decrease (maximum stress is reduced up
to 30% when adding 8% hemp) [62–64]. Although cementitious matrices offer the benefits
of affordability and adaptability, their use can result in chemical damage to hemp stalk [65].
In hot-dry regions where naturally ventilated buildings are preferred, the thermal design
of walls based on compressed earth blocks (CEB) could be a viable and more ecological
option [66]. Moreover, the thermal behavior of CEB was improved by 10% by incorporating
0.5% of date palm waste [67]. While compacted earth is a compelling environmentally-
friendly material, it is crucial to thoroughly examine its dependability and longevity in the
absence of long fibers [68].

Hemp stalk particles are also used as raw materials for compounds that are made
up of wood particles. In this way, the manufacturing process mixes it with a binder to
fabricate a material similar to a chipboard. The manufacture of this type of material consists
of mixing the stalk with the binder material and applying pressure and temperature in a
mold, then the adhesive cures and the material obtains the shape of the mold. The most
commonly used binders are currently based on formaldehyde because of its mechanical
properties, dynamic properties, abrasion resistance, and affordability [69]. Nevertheless,
due to the fact that it is a toxic material in large quantities, its use has been decreasing in
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order to reduce formaldehyde. An intermediate solution is the use of 2 formaldehyde-based
adhesives by partially substituting them for lignocellulose-based materials (wheat straw
and pine and poplar particles), obtaining better results with PDMI (Polymeric Diphenyl-
methane Diisocyanate), obtaining better results by increasing the percentage of binding
material [70,71]. PDMI shows better binding properties than UF (Urea formaldehyde),
curing at a temperature of 180 °C and having pressure applied for 3 min [72]; these are
the usual values in the industry. The process is also the same with vegetable agglomerate
taking into account the curing temperature for each vegetable binder [73,74]. In this type
of manufacturing, the structure, and size of the particles is also an important factor in the
final properties of the material. If the particle size is very large, air gaps will be produced
in the material as all the chips cannot be compacted together because the manufacturing
process does not use a vacuum to prevent the air gaps. However, this problem can be
solved by including saws and wood dust that occupy these holes together with the resin,
thus increasing the mechanical properties of the material [75].

Another alternative is to completely eliminate formaldehyde-based resins by using
synthetic ones. Although studies are being carried out to obtain vegetable resins that can
achieve the regulatory requirements of the different applications, such as lignin-based
wood adhesives [76,77], obtaining materials with great thermal properties, or vegetable
proteins such as camellia protein, which is also a residue in the biodiesel production [78].
However, the main problem is the resistance to fire; that problem can be solved by adding
a fire resistance coating. There are also studies to develop a sustainable, high-performance,
and flame-retardant wood coating based on a curing agent of ammonium hydrogen phytate
(AHP) [79,80]. Starch is also a good biobased binder for wood particles; for example,
cassava starch binder can be used to elaborate low-density particleboard with excellent
performance [81]. The fungi resistance is low; however, citric acid can be added to improve
the fungal degradation by 10% [82].

Different innovative fabrication methods and renewable materials for thermal insu-
lating applications are studied. However, the technology still needs more research to
have a competitive price and solve different technical difficulties in using materials like
vacuum insulating panels, aerogels, or nanocellulose. The research also proposes the
use of recycled paper fiber as an insulating material based on cellulose [83]. To bind the
different hemp particles in a material that can be lightweight, a manufacture method is
needed that does not require applying high pressure to provide the maximum porosity
in the material. Paper pulp fiber is proposed, which also has great thermal properties,
and cellulose paper waste has a thermal conductivity value of 0.046–0.054 W/m K [84].
Among the different paper fibers, cardboard is a great option due to the facility for recycling
and the mechanical/binding properties. Cardboard fibers have a mechanical resistance
four times greater than eucalyptus fibers, measured from the binding [85,86]. Moreover,
the length of the fiber is longer (cardboard 2.7 mm in average length and eucalyptus
0.76 mm [87]). Several layers of corrugated cardboard were tested, obtaining thermal
conductivity values of 0.053 W/m K and a reduction of up to 80 dB in acoustic waves using
several layers of corrugated cardboard [5]. In that case, the main problems were durability
and moisture/fungi/fire resistance.

Table 3 summarizes the comparison of the performance advantages and disadvantages
of bio-based wood adhesives for the stalk. Regardless of the type of bio-based adhesive
used, it is crucial to assess their potential for wood composite application and comprehend
their interaction with wood. This evaluation can provide valuable scientific insights to
guide the development of adhesives in terms of mechanical strength, water and moisture
resistance, and thermal and acoustic properties.
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Table 3. Advantages and disadvantages of bio-binder for stalk [5,76–79,81–91].

Type of
Bio-Binder

Advantages Disadvantages

Lignin based

Recycle the secondary products
produced in paper
pulping industries

Need to add a catalyst material

Improve the modulus of elasticity Increase the viscosity of adhesive
Improve the thermal properties Low fire resistance

Improve the water resistance Reduce the curing rate
Good bonding strength Low porous structure

Low level of substitution

Starch based

High level of substitution Low stability upon time

Good bonding strength Need a surface treatment to increase
the water resistance

Good film formation property Low fire resistance
Slow drying process
Poor water resistance
Low fungal resistance

Plant protein based

Improve thermal stability Poor water resistance

Good adhesion strength Need a surface treatment to increase
the water resistance

High level of substitution Low porous structure
Low fire resistance

Paper pulp based

Improve
thermal/acoustic properties

Need a surface treatment to increase
the water resistance

Good bonding strength Slow drying process
Recyclable Poor fire resistance

High porous structure Low stability upon time
High level of substitution Low fungal resistance

2.3. Acoustic Insulating Properties of Materials Based on Hemp Stalk

When a surface is contacted by sound waves, the energy is distributed into three
categories: incident, reflected, and absorbed energy. In architectural acoustic design, it is
helpful to utilize an average absorption coefficient that is assumed to rely solely on the
physical attributes of the material. The sound absorption coefficient of any material is
determined by the angle at which the sound wave hits the material and the frequency of
the sound [92].

In the case of a composite material based on hemp stalks. The mechanism by which the
materials absorb sound energy mainly involves three physical processes. Sound-absorbing
composite materials have small holes that allow sound waves to access their interior,
causing gas flow and friction. It triggers the conversion of a portion of the sound energy
into heat energy, which leads to sound absorption. In the case of hemp stalks, when sound
waves hit them, the viscous effects between air cavities attenuate some of the sound energy,
converting it into heat. Moreover, the sound-absorbing composite materials have the ability
to absorb certain sound waves through their own vibrations. Due to the force between chain
segments, unique hollow structure, and large specific surface of hemp stalks, sound energy
is attenuated and converted into heat and mechanical energy during propagation, resulting
in an effective sound-absorbing effect [33,93,94]. The internal porosity of the composite is a
crucial factor to consider in the sound absorption mechanism of a low-density insulation
panel. The presence of voids, inner and outer spaces, as well as the density and thickness
of the composites, directly influence sound absorption [95,96]. Low-density materials
with more open structures exhibit lower absorption at low frequencies, while denser
structures show better performance at higher frequencies (above 2000 Hz) [92]. Several
studies investigating sound absorption in porous materials have found a direct relationship
between thickness and low-frequency sound absorption. Increasing the thickness of the
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material leads to an increase in sound absorption at low frequencies. However, at higher
frequencies, thickness has an insignificant effect on sound absorption [97]. Nevertheless,
a sandwich-type material can increase acoustic absorption in low frequencies. The low
porosity and high density of the material’s surface cause sound waves to be reflected [44].

Table 4 shows the results obtained in different studies:

Table 4. Results of acoustic absorption of vegetal particles with different binders.

Fiber Matrix
Eco-Friendly

Material

Acoustic
Absorption

(α)

Pore
Structure

Reference

Hemp stalk Polycaprolactone NO 0.6–0.9 Hollow mi-
crostructure [33]

Hemp stalk Lime NO 0.6–0.9
Porous

material
(70–75%)

[46,60,98]

Hemp stalk
Portland
cement &

MgO-cement
NO 0.1–0.25 Low porosity [99]

Hemp stalk C2-H NO 0.6–0.8 Porous
material [100]

Hemp stalk Wheat starch YES 0.7
Porous

material
(88–90%)

[89,101]

Sunflower
stalk Chitosan YES 0.2 Low porosity [102]

Sheep wool Polypropylene NO 0.3–0.6 Low porosity [96]

The acoustic absorption values in Table 4 are lower than those presented by the
hemp particles, which means that the composition of the binder and the new internal
microstructure is a more significant parameter than the internal porosity or the particle size
of the hemp stalk.

Based on the results presented in Table 4, it can be observed that a highly porous
material provides good acoustic insulation as it contributes to the dissipation of sound
waves, which is a more significant characteristic than sound wave reflection. Hemp stalk
has been studied as an insulating material, but there are few studies on hemp due to the
materials primarily used with inorganic binders that require the application of pressure
and temperature to improve mechanical resistance, resulting in a denser material with low
porosity that impairs its properties [103]. However, although a porous material performs
better, a non-porous surface coating can be added to the sample to improve sound wave
reflection. The use of certain binders can result in an elastic behavior of the composite
material, allowing acoustical vibrations to be transmitted to the solid matrix. These elastic
effects can have a significant impact on acoustic performance, causing both global effects
on transmission and local effects on absorption [100].

2.4. Thermal Insulating Properties of Materials Based on Hemp Stalk

The main objective of thermal insulation is to enhance energy efficiency by limiting
the transfer of heat through the building envelope. Insulation materials are designed to
conduct heat poorly in order to minimize heat loss [104]. Heat conduction occurs due to
the interaction between particles in a substance (solid, liquid, or gas) that results from
particle movement. Hence, heat moves from more energetic particles to less energetic
ones. Convection, on the other hand, refers to heat transfer between a solid surface and
a fluid in motion, whereby heat is transferred through a combination of conduction from
the solid to the fluid and bulk movement of fluid particles. Thermal insulation offers
high thermal resistance, thereby retarding heat flow, primarily due to gases entrapped
within the porous material structure [105]. Thermal insulation materials typically have
low densities, which translates to high porosity. The insulation effect is largely attributed
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to the low thermal conductivity of still gases trapped within the voids of porous mate-
rial [105]. The principal factors that affect thermal conductivity include raw materials,
temperature, porosity, moisture content, and density. Other factors are airflow velocity
and thickness [104]. For cellulose-based insulating materials, factors such as temperature,
moisture content, and mass density are critical in determining the thermal conductivity
value [42,83]. So, in this case, the environmental conditions (temperature, humidity) affect
its insulation capacity.

In addition to acoustic insulation, the hemp stalk also has high thermal insulation
properties, obtaining a coefficient of thermal conductivity of 0.05 W/m K (Table 2). In
Europe, according to the DIN 4108, materials with a λ value lower than 0.1 W/m K may be
classed as thermal insulating materials. Additionally, materials with thermal conductivity
values lower than 0.03 W/m K are deemed highly effective as thermal insulators [104].
Moreover, its resistance to fire must be classified as at least one type E material according
to the regulations. This means that the material should be able to withstand the attack of a
small flame for a brief period without significant propagation of the flame. [106].

There are studies on that topic to develop new biomaterials using starch as a binder [107].
Straw and a geopolymer can be used to form an insulating material, obtaining thermal
conductivity values of 0.101 W/m K [108,109], the biggest drawback being the resistance to
water and fire when using green materials. Other studies show materials made with corn
particles and epoxy resins obtain sufficient thermal conductivity values to be considered
insulating materials [44].

Table 5 shows the results obtained in different studies:

Table 5. Results of thermal absorption of vegetal particles with different binders.

fiber Matrix
Eco-Friendly

Material

Thermal
Conductivity

(W/m K)
Reference

Hemp stalk Lime NO 0.08–0.13 [60,110,111]

Hemp stalk
Portland
cement &

MgO-cement
NO 0.08–0.115 [98,99,112]

Hemp stalk Wheat starch YES 0.06–0.07 [89,101]
Hemp stalk Cassava starch YES 0.026 [113]

Hemp stalk
Reactive

vegetable
protein

YES 0.078 [114]

Sunflower stalk Chitosan YES 0.056–0.058 [102]
Corn stalk Rice huck ashes YES 0.06–0.08 [107]
Bamboo
powder Bio-glues YES 0.10–0.20 [115]

Corn stalk Epoxy NO 0.10 [44]
Sheep wool Polypropylene NO 0.06–0.10 [96]

Flax stalk Lignin & and
biobased epoxy NO 0.074 [77]

In addition to using vegetable resins, it is also proposed to replace the particles of pine
and other common trees with crop waste, such as hemp stalk. The influence of the starch-
stalk ratio on the properties of the material is studied, and it shows that by increasing
the hemp particle ratio, the mechanical properties are reduced due to the increase in
porosity, which decreases the load transfer capacity. Nevertheless, it improves thermal
performance [101]. The thermal insulating performance of materials is improved by higher
porosity and density. Unlike acoustic properties, the thermal properties of the matrix
material play a crucial role in determining the final properties of the composite material.

At a mean temperature of 24 °C, the apparent thermal conductivity of hemp stalk
was tested for various densities and found to increase with rising temperature. While
wood-based fiberboards are utilized as thermal insulation materials due to their low
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density and high thermal resistance, their porous internal structures make them sensitive
to environmental changes [116]. Consequently, their thermal conductivity increases by
roughly 50% as the temperature increases from 10 to 60 °C [117].

An increase in relative moisture in materials can lead to a decrease in their thermal
conductivity and make them more prone to mold formation. For composites made of jute,
flax, hemp shives, and fibers, a relative air humidity of 70% leads to a relative material
humidity of 5–10%. Additionally, it has been demonstrated that an increase in material
moisture from 0–10% results in an increase in thermal conductivity [118].

2.5. Carbon Storage Properties

Although the different studies show high insulating properties, they are not the only
important characteristic of these materials. Developing a biomaterial based on hemp stalk
can increase the value of the hemp crop, produce more environmentally friendly materials,
and also result in materials that act as CO2 accumulators [2].

The hemp absorbs CO2; meanwhile, it is growing through the photosynthesis process.
Moreover, due to very rapid growth, the biomass accumulated by hemp crops has a
significant effect in absorbing atmospheric CO2; however some of the carbon stored in this
biomass is turned back into the atmosphere as CO2 due to the biodegradation of leaves
and roots. Assuming a concentration of 0.5 kg of carbon per kg of dry matter, it can be
calculated that 1.84 kg of CO2 is sequestered per kg of dry hemp through photosynthesis
during the plant’s growth. This means that a ton of dry hemp can store 325 kg of CO2,
taking into account the amount of emissions during the farming as the diesel consumption,
transportation of the seeds, etc [119].

Hempcrete is a sustainable building material made from hemp stalks, lime, and water,
and the lime in the material also takes part in the CO2 sequestration due to the carbonation
process of the lime. During the carbonation process, the lime reacts with the CO2 present in
the air, resulting in the conversion of calcium hydroxide (Ca(OH)2) into calcium carbonate
(CaCO3) [120]. The carbonation increases the mechanical resistance of the hempcrete, and,
additionally, the absorption of CO2 during this process can have significant implications
for the environmental impact of this product [121]. Hempcrete can store 300 kg of CO2
per m3 [122–124]. With these two properties, we have a new material that reduces the
energy consumption of the building due to the thermal insulation capacities and also
stores CO2, obtaining a material that would passively help to obtain buildings with zero
emissions [125].

Based on these examples, it can be concluded that the binder used in the composite
material has a significant impact on its carbon footprint. The use of recyclable materials
with low impact on the carbon footprint is proposed for the binder material.

2.6. Durability

In order to develop new biocomposite insulating materials, it is necessary to ensure
the durability conditions to ensure the commercial product can be reached. However,
there are only a few papers that study the durability of long-term tests in those materials.
The longevity of bio-composites can be impacted by various forms of biological degradation,
such as mold growth, as well as environmental factors like fluctuations in temperature and
humidity [105].

Investigating the water absorption characteristics of biocomposites is crucial, given
the weak water resistance of biomaterial. For biocomposites used outdoors in construction
applications, their water absorbency is a critical factor affecting their mechanical properties
and dimensional stability [126].

Hemp fibers also present low stability against contact with water, which sees their
Young’s modulus reduced by 50% after immersion in water [127]. Moreover, using a 100%
vegetable material increases the risk of mold growing in high humidity conditions [115].
Mold growth can be relieved by increasing the pH of the material, as is the case with
hempcrete, which has anti-fungal properties [61].
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In the case of VFRCM (vegetal fabric reinforced cementitious matrix), the issue arises
from the alkaline hydrolysis resulting from the production of Ca(OH)2 during cement
hydration. The calcium adsorption is pH dependent, and the pectin contained in fibers
can react with calcium ions in an alkaline environment [128]. Moreover, a reduction in
compressive strength has been observed in hempcrete when using Ca(OH)2 treated hemp
stalks compared to untreated ones [129,130]. To incorporate a material that is rich in Al2O3
and SiO2 can mitigate the degradation of the hemp fibers. This material should have the
ability to consume Ca(OH)2 during mortar hydration [131]. Alternatively, the fiber can
undergo physical or chemical treatment. To extend these findings to vegetable binders, it is
crucial to ensure compatibility between the hemp stalk and the vegetal binder to achieve
optimal results.

To prevent the degradation of the biomaterials, a solution is to introduce a coating in
order to protect the material against environmental effects. To increase the water resistance
of these materials, surface coatings such as NaOH, silane, and epoxy have been studied,
which reduce the moisture absorption of the fibers [132–135].

In one research work, a vegetal coating is proposed by coating a bamboo particle with
pine resin, obtaining a hydrophobic material after treatment; in addition, after the coating,
bamboo particles become a stable material against the environment [136]. Nevertheless,
the pine resin worsens the fire resistance properties. Arabic gum also presents good results
as a coating in cases of humidity and fire, although it cannot be used in direct contact
with water since Arabic gum is soluble in water, so when the layer is in direct contact, the
protective coating is removed until the material is uncoated [137]. Although these coatings
increase the durability of the material, no studies have been found that investigate how the
insulating properties behave when these coatings are added.

The coating would not only have the function of protecting the material, but also
of stabilizing the interior moisture. Since moisture has a great impact on the insulating
properties, as seen in the previous sections.

3. Conclusions and Further Research Interests

According to the results presented in the different studies of the last decades, hemp
is positioned as a green material with great insulating properties that could replace some
inorganic commercial materials to improve the insulating performance of buildings and
build green buildings. These data can be corroborated by the increase in interest in the
scientific community, with the increase in research each year, and also with the increase in
the hemp industry in the business sector.

• Varieties and positions on the stem can cause differences in the elastic modulus of the
hemp stalk of up to 60%. However, no studies have been found to confirm whether
these differences in cell size impact the insulating properties of hemp.
This research gap presents an interesting opportunity for future studies to explore
ways to enhance the performance of hemp as a raw material for insulating applications.
With the farming of the different varieties of hemp, it is necessary to study which
variety produces the hemp stalk with the best insulating properties and in which part
of the stem it is localized.

• It is suggested to use a binder that aids in creating a low-density and porous material
as the microstructure of the composite material plays a significant role in determining
its insulating properties.
It is still necessary to delve into some issues in order to develop new green insulating
materials, such as the study of more green binders that do not need to apply pressure
or temperature during the manufacturing process. In this way, the manufacturing
cost is reduced, and lightweight materials with high porosity would be produced that
would stimulate the insulating properties of the composite material.
In this way, paper pulp-based binder shows great opportunities for the development
of future research.
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• Despite all the studies, further research is still needed on the use of a 100% plant-based
composite material, including the binder. However, among those presented, starch
stands out.
By using starch as a binder, an acoustic absorption (α) of 0.7 and a thermal conductivity
of 0.03 W/m K have been achieved, which are respectively 0.2 db/db lower and 15%
higher than conventional materials.

• It has been observed that only a few studies have investigated the acoustic properties, fire
resistance, fungi growth, and long-term durability of 100% green composite materials.

• A ton of dry hemp can store 325 kg of CO2.
Hemp is exhibited as a material capable of storing CO2 and producing a renewable
material with a circular economy. The binder also affects the carbon footprint of the
composite material. To prioritize the carbon footprint, a recycled biomaterial such as
cardboard fiber can be chosen as a binder.

• It is necessary to protect the biomaterial against ambient conditions.
The main problem for a biocomposite material is degradation over time. So in order
to produce a commercial product it will be necessary to ensure the stability of the
material in ambient conditions. Nevertheless, no research has been found that investi-
gates the influence of using an eco-friendly coating on the insulation properties of a
composite material.
To protect the biocomposite material against ambient degradation, some vegetable
coating, such as colophony, shows a great performance. Arabic gum is proposed as an
effective solution for fire protection, but it only provides protection against moisture
and not direct contact with water.

In this review, a large amount of research related to the development of new hemp
stalk-based composite materials has been compiled. Much research has been done, and it is
arousing increasing interest in the scientific community for its performance and sustainability
reasons. Therefore, it is recommended that these issues continue to be investigated in order to
develop a new competitive material capable of replacing current inorganic materials.
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