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Biniek-Poskart, Andrzej Skibiński, et al.
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Małgorzata Sieradzka, Agata Mlonka-Mędrala, Izabela Kalemba-Rec, Markus Reinmöller,
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Abstract: In the presented paper, two types of animal-origin biomass, cow dung and chicken litter,
are characterized in terms of combustion-related problems and ash properties. It was found that these
parameters strongly depend on the farming style. Whether it is cow dung or chicken litter, free-range
raw materials are characterized by higher ash contents than industrial farming ones. Free-range
samples contain chlorine at lower levels, while industrial farming samples are chlorine rich. Free-
range samples are characterized by the predominant content of silica in the ash: 75.60% in cow dung
and 57.11% in chicken litter, while industrial farming samples contain more calcium. Samples were
classified by 11 “slagging indices” based on the ash and fuel composition to evaluate their tendencies
for slagging, fouling, ash deposition and bed agglomeration. Furthermore, an assessment was made
against the current EU law regulations, whether the ashes can be component materials for fertilizers.
The phosphorus concentration in the investigated ashes corresponds to 4.09–23.73 wt% P2O5 and is
significantly higher in industrial chicken litter samples. The concentrations of Hg, Cu, As, Ni, Cd and
Pb in all samples are below the limits of the UE regulations. However, concentrations of Cr in all
samples and Zn in industrial chicken litter exceed these standards.

Keywords: biomass; animal-origin biomass; chicken litter; cow manure; biomass ash; slagging;
chlorine corrosion; SEM; ash characterization

1. Introduction

Animal-origin biomass is mainly a solid animal waste (manure) that is produced
during animal breeding. Various types of animal biomass were under investigation when
it comes to its energy potential and usability: cattle manure [1,2], poultry litter [3,4], turkey
litter [5], goat dung [6], piggery waste [7,8], horse dung [9], deer manure [10] or even
elephant dung [11].

Despite this diversity, the greatest potential of animal-origin biomass comes from
poultry and cattle breeding. The daily production of droppings per bird depends on the
chicken type and ranges from 150–160 g of droppings for an adult chicken to 65–110 g for
pullets [12]. Poultry breeding results in massive litter production, which consists not only of
manure, but waste bedding, food and feathers. The total amount of poultry litter generated
per bird over the entire production cycle depends on the bedding change interval and is
reported to be from 1.5 to 5.7 kg [13]. Similar to the poultry litter, the annual production of
cow manure depends mainly on the bedding system. An adult cow produces 12.4–26.0 t of
waste per year for deep bedding and 11.6–22.0 t/year for a bedding-less system [14].

The safe removal and utilization of animal litter is a key issue since it is considered
to be a problematic type of waste. Both poultry litter and cow manure are rich in plant
nutrients, such as nitrogen (N), phosphorus (P) and potassium (K) hence they have been
utilized for soil conditioning as a fertilizer. However, in recent years, their effectiveness
and safety as a fertilizer have become questionable. Animal manure is characterized by
low carbon/phosphorous and nitrogen/phosphorous ratios. Nitrogen and phosphorous
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have the potential for leaching [15] and may result in the contamination of groundwater
and eutrophication of water bodies [16] since soil and water are directly linked [17]. When
fresh manure is spread on land, nitrous oxide and ammonia, potent greenhouse gases, can
be emitted into the atmosphere. Another issue is the pathogens present in animal waste
that are a possible threat to human and animal health [18]. Alternative strategies of litter
utilization assume anaerobic digestion or thermal treatment, such as pyrolysis, gasification,
direct combustion and co-combustion.

Tańczuk et al. determined the technical energy potential of chicken manure for four en-
ergy conversion variants taking into account the energy degradation during the production
of useful energy, e.g., heat, and pre-processing of the litter (e.g., drying) [19]. The biggest
energy loss was found for anaerobic digestion, while combustion demonstrated the most
efficient scenario. Furthermore, direct combustion is a convenient and cost-effective method
since it can be applied locally on a small scale in the farm neighborhood. Animal-origin
biomass, similarly to plant-origin biomass and lignite, may be used in a processed form,
for example, torrefied or as pellets and briquets [20–22]. Szymajda et al. [1] determined the
quality of cow manure pellets (kinetic durability, bulk density and particle density), as well
as flue gas composition during their combustion.

Animal litter combustion is favorable not only due to its energy potential but the
possibility of nutrient recycling. If the chemical composition of ash is within the European
Union (EU) standards, it can be applied in agriculture as a component of fertilizes. The EU
allowed the marketing of fertilizer products of various origins, including ash from biomass
combustion, within the scope of solid inorganic macronutrient fertilizers. The recirculation
of ash into the soil is claimed to be the most sustainable disposal method according to the
circular economy idea [23]. Ash from the combustion of animal-origin biomass may be
a valuable by-product since it contains residual phosphorus (P) and potassium (K), which
are excellent plant nutrients and could be processed into fertilizer [24]. The use of ashes for
soil conditioning can be a part of the soil remediation process since it is expected to enhance
the growth of phytoremediation plants. Such action may be beneficial to avoid further
land degradation and promote land restoration hence these issues are important in terms
of Sustainable Development Goals (SDGs) [25,26]. The studies of biomass ashes in terms
of fertilizer usefulness and environmental safety were conducted mainly for plant-origin
biomass [27,28], and only limited studies for animal-origin biomass can be found in the
literature. The majority of these studies relate to poultry litter ashes from combustion and
gasification processes, while cow manure ash has been less studied.

Ash from poultry litter combustion is germ-free and easy to transport [29]. It contains
phosphorus and potassium that shows good bioavailability during field and pot tests and
can be directly applied into a field as a P source [30], applied in the form of hydrated ash or
P can be recovered by extraction/elution [31,32]. However, poultry litter ash may contain
heavy metals and metalloids, such as Fe, Mn, As, Zn, Cu, I, Se and Co, which are used in
the breeding process to prevent deficits and defects, improve mass gain and elevate egg
production [33]. Faridullah et al. [34] presented increased concentrations of metals (Cu, Mn,
Zn, Pb and Ni) with increasing combustion temperature and higher amounts of chicken
litter ash than duck litter ash. Fiameni et al. [35] proposed a strategy for phosphorous and
silica recovery from rice husk poultry litter ash. The proposed method aims to maximize the
P extraction using hydrochloric acid and minimize the possible contamination by leachable
heavy metals, such as zinc.

The elemental composition of ash, including metals, is crucial when considering its po-
tential fertilizing application since it is highly dependent on local law regulations. In the EU,
the limits of Zn, Hg, Cu, Cr, Cd, Ni, Pb and As for organic and mineral fertilizers and soil im-
provement materials have been regulated by the recent EU Fertilising Products Regulation (EU)
2019/1009, which was approved on 5 June 2019. When the requirements of the Regulation are
fulfilled, the ash is no longer considered as waste within the principles of Directive 2008/98/EC,
and it can be used as a component for fertilizing products. The products containing or consisting
of such recovered ash are allowed to access the European market.
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Apart from the use as a fertilizer, the chemical composition of biomass ash should be
well recognized before the combustion process since it may cause severe problems in the
furnace. Especially animal-origin biomass, whose composition differs significantly from
coal and plant-origin biomass, is likely to cause critical combustion-related issues, and
this fact determines its usability in the power sector [29,36]. The determination of the vital
ash properties includes the characteristic ash fusion temperatures (AFT), chlorine content
and the presence of alkalis. The AFTs for animal-origin biomass ashes are usually lower
than for coal ashes. Vankát et al. determined the ash-softening temperature of animal
manure to 1110–1170 ◦C and the flow point to 1140–1230 ◦C [37]. Animal feces ash is
usually characterized by a relatively high chlorine content, which can exceed 10% [38].
Fahimi et al. investigated poultry litter ash that was calcium, phosphorous, potassium and
sulfur-rich (>29 g/kg) [39]. The ash with high chlorine and alkali metal (K, Na) contents
can lead to numerous undesirable issues, such as high-temperature corrosion, slagging,
fouling, the formation of deposits on heating surfaces of the boiler and bed agglomeration
in CFB boilers [40,41].

The presence of Cl in the ash deposits is vital, especially for high-temperature corrosion,
since it leads to the development of low-melting mixtures containing metal chlorides. It
favors the mobility of alkali compounds, which may form inorganic mixtures with silica and
lower the fluid temperatures from around 1700 ◦C to around 750 ◦C. Therefore, chlorine-
induced corrosion occurs in a combustion chamber according to the multi-step active
oxidation model as it is the most widespread principle of high-temperature corrosion [42].

Many various indicators for classifying a fuel in terms of ash behavior are in use [43–47].
Such methods allow prediction of ash agglomeration, slagging, fouling or corrosion po-
tential. They are based mainly on ash composition, ash fusion temperatures and fuel
analysis. They were originally established for coal ashes. Nevertheless, their applicability
for biomass ashes is under investigation. Garcia-Maraver et al. [43] classified 104 various
biomass types by 10 commonly used slagging indices. For most cases, the coefficients
show mixed results when applied to plant-origin biomass: the same fuel was categorized
to have low, medium, high or extremely high slagging risk, depending on the index used
for classification. However, among 104 various biomass fuels included in this research,
only two animal-origin biomasses were investigated: chicken litter and meat-bone meal.
Differently from other biomass types, for chicken litter, the categorization seems to be
accurate: it was categorized as highly or extremely highly problematic by 7 out of 10 in-
dices. This may suggest that these indices may be applicable to the animal-origin biomass
due to its specific composition, different from plant-origin biomass. Lachman et al. [46]
presented a compendium of slagging and fouling indices and their applicability to biomass
fuels. Nevertheless, not enough attention was paid to animal-origin feedstock. These facts
indicated the big knowledge gap when it comes to animal-origin biomass combustion
problems. Hence, the presented paper covers a novel and unique research field. The
problem of animal-origin biomass ash behavior prediction is still very poorly recognized
and existing studies need to be supplemented.

The presented research aims to determine the ash properties of chicken litter and
cow manure in terms of ash-related issues and potential use of ashes as an inorganic
macronutrient fertilizer. Four types of cow manure and five types of chicken litter were
investigated. The material was collected from different breeding styles: industrial farming
and free-range to understand how the breeding system affects the feedstock and ash
properties. According to the authors’ best knowledge, there are no studies where the
influence of the breeding system on fuel properties and ash composition is investigated.
The ashes were examined by eleven so-called “slagging indices” to evaluate their potential
for slagging, fouling and bed agglomeration. The possible application of such indices was
determined for the investigated ashes since there is very limited data referring to animal-
origin biomass ash behavior prediction. Further, the possible use of ashes for fertilizing
purposes was assessed together with the potential risk associated with their introduction
into the environment. The ash composition was evaluated against the criteria in the current
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EU Fertilising Products Regulation (EU) 2019/1009, taking into account the limits of heavy
metals: Zn, Hg, Cu, Cr, As, Cd, Ni and Pb in inorganic macronutrient fertilizers. The limits
of other elements, such as Sb, Se, Sn, V, Mo and Co, were determined as well and compared
with their average concentrations in European and North American soils. The presented
research can improve the technologies of animal-origin biomass energy conversion.

2. Materials and Methods

The following types of animal-origin biomass were considered in this study:

• Cow manure from free-range farming CD1_FR, CD2_FR
• Cow manure from industrial farming CD3_IF, CD4_IF
• Chicken litter from free-range farming CL1_FR
• Chicken litter from industrial farming CL2_IF, CL3_IF, CL4_IF, CL5_IF

CD1_FR, CD2_FR and CL1_FR samples were collected from middle-size free-range
animal farms located in Southern Poland.

CD3_IF and CL2_IF were collected from large industrial farms located in Southern Poland.
CD4_IF was investigated by the authors and research partners in previous research [36]

and originated from a large industrial farm located in Eastern Poland.
CL3_IF, CL4_IF and CL5_IF samples were collected from a large poultry farm located

in Ukraine by the Ukrainian research partner. They were collected within a time of one
year to ensure seasonal diversity.

2.1. Feedstock and Ash Analysis

The biomass samples were chopped in a laboratory knife mill and stored at an ambient
temperature. A small batch of feedstock was placed into a ceramic crucible, heated up to
550 ◦C and incinerated in a constant temperature zone in an electric muffle furnace. As
a result, chemically stable ash with a minimal amount of unburned carbon (UBC) was
obtained for further analysis.

Proximate and ultimate (elemental) analysis of biomass samples was conducted.
For the ash, the oxide ash composition and ash fusion temperatures (AFT) were deter-
mined since they are the most common procedures for ash characterization in terms of
combustion-related issues. To assess the potential risk associated with its introduction into
the environment, the Zn, Hg, Cu, Cr, As, Co, Ni, Pb, Sb, Se, Sn, V, Mo and Cd concentrations
were determined.

Feedstock analysis was conducted according to European standards for solid fuels:
ash content PN-EN ISO 18122:2016-01, moisture content PN-EN ISO 18134-2:2017-03,
Lower Calorific Value (LHV) and Higher Calorific Value (HHV) PN-EN ISO 18125:2017-07.
A portion of fuel was incinerated at a constant volume in a calorimeter calibrated by the
combustion of benzoic acid. C, H and N contents were determined by Infrared (IR) analyzer
according to PN-EN ISO 16948:2015-07, Cl and S contents by the Ion Chromatography (IC)
method according to PN-EN ISO 16994:2016-10.

The ash composition was determined by Inductively Coupled Plasma-Optical Emis-
sion Spectroscopy (ICP-OES). Metal and metalloid concentrations were determined accord-
ing to PN-EN ISO 16968:2015-07 and PN-EN ISO 11885:2009. The ash fusion temperatures
were determined by the microscope-photographic method according to standard CEN/TS
15370-1:2007. The procedure covers the identification and recording of initial deformation
temperature (IDT), softening temperature (ST), hemisphere temperature (HT) and flow
temperature (FT). The specific, characteristic shapes of the ash cylinders were recorded
by a digital system. The procedure assumes a maximum temperature of 1500 ◦C and
both oxidizing and reducing conditions. The only exceptions are samples CL3_IF–CL5_IF,
which were collected and tested by the Ukrainian research partner. For these samples, the
complete AFT investigation is not available, and only IDT and ST temperatures in oxidizing
conditions are reported. For the same reason, the chlorine content and SEM analysis of
these samples are not available.

4
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The scanning electron microscope (SEM) analysis of ash samples was performed to
investigate their morphology. The Zeiss Supra 35 microscope with the Trident XM4 series
(EDX) X-ray spectrometer was used. The electron high tension (EHT) voltage was set to
10 kV. The pictures were taken with two types of magnification for each sample: 1000×
and 250/500×, depending on the sample morphology.

2.2. Ash Deposition, Slagging and Fouling Prediction

The ash behavior indices used in this study are presented below, together with the
evaluation of their values. An index can display low, moderate, high or extremely high
slagging hazards [43,48–50].

The base-to-acid ratio:

B/A =
Fe2O3+CaO+MgO+Na2O+K2O+P2O5

SiO2+Al2O3+TiO2

<0.5 low
0.5–1.0 moderate

1.0–1.75 high

(1)

B/A may be used in a simplified form:

B/ASimpl. =
Fe2O3 + CaO + MgO

SiO2
(2)

The Bed Agglomeration Index (BAI):

BAI = Fe2O3
Na2O+K2O

<0.15 high
(3)

Babcock Index Rs (B/A ratio enhanced with sulfur content in fuel):

Rs = B/A·Sd

<0.6 low
0.6–2.0 moderate

2.0–2.6 high
>2.6 extremely high

(4)

Fouling index Fu (B/A ratio enhanced with the alkali metals):

Fu = B/A·(Na2O + K2O)

<0.6 low
0.6–40 moderate

>40 high

(5)

Slag Viscosity Index Sr:

Sr = SiO2·100%
SiO2+Fe2O3+CaO+MgO

>72 low
65–72 moderate

<65 high

(6)

Fuel alkalinity index μalk:

μalk = 1
LHV·Ad·(Na2O+K2O)

0.17–0.34 moderate

>0.34 high

(7)

5
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Ash Fusibility Index (AFI):

AFI = 4IT+HT
5

>1342 low

1232–1342 moderate

1052–1232 high

<1050extremely high

(8)

The indices are supplemented by the silica content in the ash SiO2 (<20 low,
20–25 moderate, >25 high), the chlorine content in the fuel Cl (<0.2 low, 0.2–0.3 mod-
erate, 0.3–0.5 high) and AFTs in oxidation conditions: initial deformation temperature
IDT (>1100 ◦C low, 900–1100 ◦C moderate, <900 ◦C high) and softening temperature ST
(>1390 ◦C low, 1250–1390 ◦C moderate, <1250 ◦C high).

3. Results and Discussion

3.1. Feedstock and Ash Characteristics

Proximate analysis, elemental (ultimate) analysis and heating values of the feedstock
samples are presented in Table 1. The ash content of cow manure from free-range (CD1_FR,
CD2_FR) was found to be higher than that of cow manure from industrial farming (CD3_IF,
CD4_IF): 21.4% and 22.06% vs. 16.99% and 13.86%. Similarly, the ash content of free-range
chicken litter (CL1_FR) is significantly higher than that of industrial farming chicken litter
(CL2_IF–CL5_IF): 30.10% vs. 7.10–17.09%. This is reflected in low calorific values of free-
range chicken litter. Nevertheless, the HHV of all samples, regardless of the breeding
system, is within the range provided in the literature for poultry waste [51]. The moisture
content of industrial farming chicken litter is visibly higher than for other samples. The
chlorine content in free-range cow manure (0.086–0.33%) is lower than in industrial farming
(0.54–1.02%). The chlorine content in free-range chicken litter (0.11%) is greatly below the
content of the industrial-farming samples (0.66–0.99%). The chlorine content of free-range
animal waste investigated in this study is comparable to the chlorine content of plant-origin
biomass, while for industrial breeding, it can be considered as undesirably high. The
presented analysis shows a big impact of farming style on the feedstock properties.

The chemical composition of ashes and their AFTs are summarized in Table 2. The
elemental composition of ash is a feature of the specific biomass type, but the contents
of ash-forming elements can be various even within a certain fuel type [52]. Therefore,
the analyzed ashes show different quantitative chemical compositions and the farming
style influenced the composition of ashes as strong as animal species. All the samples
contain silica, calcium and phosphorus, but for free-range samples, the content of silica is
significantly higher than for industrial farming. The massive difference in SiO2 content can
be observed for both cow manure (59.63–75.60% for free-range and 18.3–33.60% for indus-
trial) and chicken litter (57.11% for free-range and 3.66–13.26% for industrial). The high
concentration of silica in free-range animal-manure ash can be caused by contamination
with sand and soil since animals can freely access the outdoor environment and consume
grass directly from the ground.
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Table 1. Proximate and elemental (ultimate) analysis of feedstock samples (a.r.—as received, d.b.—dry basis).

Parameter Basis Unit
Cow Manure Chicken Litter

CD1_FR CD2_FR CD3_IF CD4_IF [36] CL1_FR CL2_IF CL3_IF CL4_IF CL5_IF

Moisture a.r. wt% 11.4 8.4 11.1 15.5 12.10 11.1 26.7 21.9 38.8

Ash d.b. wt% 21.4 22.06 16.99 13.86 30.10 17.09 9.31 10.70 7.10

HHV
d.b. MJ/kg 17.26 16.93 17.91 19.04 12.22 17.22 15.60 16.90 16.60

a.r MJ/kg 15.49 15.5 15.92 16.09 10.97 15.31 11.40 13.20 10.20

LHV
d.b. MJ/kg 15.78 15.86 16.72 17.84 11.32 16.02 15.20 15.80 16.10

a.r. MJ/kg 13.98 14.32 14.59 14.69 10.08 13.97 10.60 11.86 8.38

Cl d.b. wt% 0.086 0.33 1.02 0.54 0.11 0.99 0.96 0.66 0.82

C d.b. wt% 41.94 38.93 44.07 45.26 31.19 41.85 39.10 40.3 37.7

H d.b. wt% 5.38 4.89 5.45 5.53 3.91 5.5 5.10 5.40 5.20

N d.b. wt% 2.59 1.61 2.5 2.79 2.90 4.89 4.70 4.80 4.70

S d.b. wt% 0.34 0.32 0.47 0.32 0.50 0.97 0.73 0.75 0.31

Table 2. Ash analysis (dry basis) and ash fusion temperatures.

Parameter Unit
Cow Manure Chicken Litter

CD1_FR CD2_FR CD3_IF CD4_IF [36] CL1_FR CL2_IF CL3_IF CL4_IF CL5_IF

SO3 wt% 0.88 1.18 4.45 2.63 1.02 9.68 0.94 1.01 0.82

K2O wt% 3.19 8.64 18.6 5.56 2.61 25.20 13.04 20.01 16.54

SiO2 wt% 59.63 75.60 33.60 18.30 57.11 3.66 10.30 7.13 13.26

Fe2O3 wt% 1.52 1.11 1.24 1.06 1.94 0.92 4.10 4.11 1.84

Al2O3 wt% 4.28 2.65 1.95 1.31 4.15 0.48 1.66 1.11 2.81

Mn3O4 wt% 0.18 0.12 0.16 0.51 0.13 0.63 1.75 1.92 1.86

TiO2 wt% 0.21 0.24 0.15 0.09 0.23 0.04 0.63 0.51 0.43

CaO wt% 11.85 2.11 13.6 30.60 13.55 18.3 34.07 28.18 26.61

MgO wt% 2.72 1.56 5.55 8.14 2.15 7.45 6.73 6.48 5.72

P2O5 wt% 8.21 4.09 10.8 17.50 7.81 21.00 19.23 22.49 23.74

Na2O wt% 3.57 0.73 2.66 3.20 3.21 3.87 6.80 6.26 5.74

BaO wt% 0.02 0.04 0.05 0.03 0.02 0.03 0.15 0.17 0.14

SrO wt% 0.02 0.02 0.03 0.04 0.02 0.05 0.34 0.39 0.31

Cl wt% 0.65 7.56 6.55 2.57 0.90 5.67 - - -

Ash Fusion Temperatures in reducing/oxidizing atmosphere

initial
deformation

temperature (IDT)
◦C 910/1020 1270/1260 1140/1130 1160/1230 1060/1140 1330/1400 -/1357 -/1254 -/1303

softening
temperature (ST)

◦C 1150/1240 1310/1290 1170/1170 1210/1270 1170/1210 1380/1470 -/1500 -/1500 -/1439

hemisphere
temperature (HT)

◦C 1370/1340 1460/1420 1200/1200 1320/1300 1300/1330 1430/>1500 - - -

flow
temperature (FT)

◦C 1410/1370 >1500/>1500 1310/1310 1430/1440 1320/1360 1490/>1500 - - -

Silica together with alkalis favors the formation of low-melting eutectics [45,53]. This
is reflected in high AFTs for CL2_IF–CL5_IF samples that are low in silica. Lower AFTs
of other samples are likely to be a result of a high silica-to-alumina (S/A) ratio. Liu et al.
showed that the AFTs decrease with the increasing S/A ratio [54], and the S/A ratios of
CD1_FR–CL1_FR samples are significantly higher than for other ones.

On the other hand, CL2_IF–CL5_IF ashes are characterized by higher concentrations
of alkaline compounds, such as Ca (up to 34.07%) and K (up to 25.20%), which are mainly
responsible for slagging and fouling. Contrarily, CD2_FR is characterized by the lowest
concentration of calcium, 2.11%, and CL1_FR is characterized by the lowest concentration
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of potassium, 2.61%. The alumina content differs significantly as well and is higher for
free-range samples than for industrial ones.

The analysis found that some samples contain chlorine at extremely high levels, up to
7.56% (CD2_FR), which may result in an active oxidation process and lead to severe corrosion
damage in the furnace. On the other hand, the chlorine content in CD1_FR was only 0.65%.

The ash characteristics of both cow manure and chicken litter cannot be considered
advantageous and demonstrate their high potential for ash deposition, slagging, fouling
and high-temperature corrosion. If these problems appear, they can be minimized by
using aluminosilicate fuel additives, such as halloysite, kaolin or bentonite. Their positive
influence on plant-origin biomass and coal combustion has already been studied and
successfully proven [55–57].

3.2. Ash Morphology

The SEM pictures of the analyzed ashes are shown in Figure 1. They are presented at
the magnitude of 1000× (left column) and 250/500× (right column) for optimal morphology
characterization. Numerous fibrous structures can be observed in the majority of the
investigated ashes (Figure 1a,c,g,i). Most probably, they come from remaining straw
bedding or plants consumed by the animals. The only exception is the CD3_IF sample,
whose structure is much finer, without fibrous particles (Figure 1e,f). In all free-range ashes,
particles of SiO2 are present (Figure 1b,d,h). They are likely to be sand particles, as sand
can be unintentionally consumed by the animals together with grass, plants, etc., in the
outdoor environment. This fact can explain the high silica content in all free-range ashes.

  
(a) (b) 

  
(c) (d) 

Figure 1. Cont.

8



Energies 2022, 15, 1274

  
(e) (f) 

  
(g) (h) 

  
(i) (j) 

Figure 1. SEM pictures of ash samples. (a) CD1_FR; (b) CD1_FR; (c) CD2_FR; (d) CD2_FR; (e) CD3_IF;
(f) CD3_IF; (g) CL1_FR; (h) CL1_FR; (i) CL2_IF; (j) CL2_IF.

3.3. Ash Deposition Tendencies

Ash deposition is one of the most unfavorable issues connected to solid biomass fuels.
According to the deposition indices, the particular fuel can be evaluated as low, moderately,
highly or extremely hazardous [48–50]. The results of classification for all the samples are
presented in Table 3.

9
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Table 3. Deposition hazard evaluation according to 11 prediction indices (d.b.—dry basis).

Index Unit CD1_FR CD2_FR CD3_IF CD4_IF [36] CL1_FR CL2_IF CL3_IF CL4_IF CL5_IF

1 SiO2 % 59.63 75.6 33.6 18.3 57.11 3.66 10.3 7.13 13.26

2 Cl % d.b. 0.086 0.33 1.02 0.54 0.11 0.99 0.96 0.66 0.82

3 B/A - 0.48 0.23 1.47 3.35 0.50 18.36 6.67 10.00 4.86

4 BAI - 0.22 0.12 0.06 0.12 0.33 0.03 0.21 0.16 0.08

5 Rs - 0.16 0.07 0.69 1.07 0.25 17.81 4.87 7.50 1.51

6 Fu - 3.27 2.18 31.23 29.37 2.94 533.69 132.32 262.79 108.28

7 Sr - 78.75 94.05 62.23 31.50 76.40 12.07 18.66 15.53 27.96

8 μalk kg/GJ 0.44 0.31 0.17 0.46 0.50 0.13 0.36 0.23 0.39

9
Initial

deformation
temperature IT

◦C 1020 1260 1130 1230 1140 1400 1357 1254 1303

10 Softening
temperature ST

◦C 1240 1290 1170 1270 1210 1470 1500 1500 1439

11 AFI ◦C 1084 1292 1144 1244 1178 1420 1086 1003 1042

Though the melting point of silica is 1700 ◦C, its combination with alkali, K and Na
favors the formation of low-melting eutectics [45]. Thus, the index based on the SiO2
content displays a high tendency of ash deposition for most free-range ashes that are rich
in silica and low for most industrial farming ashes that are low in silica.

Chlorine is a key compound in ash fusibility since its presence leads to the forming
of inorganic mixtures with Si and reducing their fluid temperatures to about 750 ◦C. The
molten mixtures of alkali chlorides can merge, form larger droplets and thus initiate the
formation of slag. Moreover, alkali vapors that contain chlorine are prone to condensation
more than non-chlorinated volatile alkalis [58]. The free-range cow manure and chicken
litter examined in this study contain chlorine at a relatively low level, comparable to plant-
origin biomass. These two samples are classified as having low deposition risk. Contrarily,
very high Cl content in other samples resulted in their classification as extremely dangerous.

For the B/A ratio, the results obtained in this study and in studies of Garcia-Maraver et al.
concerning biomass fuels [43] disagree with the results presented in other studies, where
a decrease in the B/A ratio is followed by an increase of HT and FT and results in the
reduction of the slagging tendencies [59]. All industrial farming chicken litter samples,
whose AFTs are high, are categorized as having high slagging risks. The CD1_FR sample,
whose AFTs were determined to be lower than other samples, was classified to have a low
slagging tendency.

When the B/A index is supplemented with the sulfur content, as stands in the Rs
index, the results transform. Sulfur is expected to form sulfates during the combustion of
fuels where alkalis are present; however, not when they are bound as silicates [60]. In this
case, samples with lower SiO2 contents are more prone to deposit formation.

Alkalis play a key role in the formation of deposits, especially with a low presence of
chlorine [60]. For this reason, the B/A index can be complemented with the sum of Na2O
and K2O, resulting in the Fu index. In this case, industrial-farming chicken litter samples
are classified to have high deposition risk, while free-range ones and cow manure to be
moderately risky.

According to the BAI index, samples show mixed results. The clear influence of the
farming style on the Fe2O3 content in the tested samples is not observed.

The Sr index assumes that silica is one of the least responsible components of de-
posit formation. Hence, when applying this index to silica-rich free-range ashes, they are
classified as low risk, while all industrial farming ashes are classified as highly dangerous.

The indices that are based on ATFs (IT, ST and AFI) classified industrial-farming
chicken litter ashes as less risky than cow manure ashes. Especially the CL2_IF sample,
whose AFTs can be considered as very high, is classified to have low deposition risk.
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3.4. Metals and Metalloids Concentration

EU legislation on heavy metal concentrations regulates the agricultural applications of
inorganic macronutrient fertilizers. The concentrations of selected elements in the analyzed
samples, together with their regulation limits, are presented in Table 4. For phosphorus
concentration, an assumption was made that all phosphorous in the ashes is in the form of
P2O5 [9]. The recalculation was made with the following conversion factor according to EU
Regulation 2019/1009:

phosphorus (P) = phosphorus pentoxide (P2O5) × 0.436

Table 4. Concentration of selected elements in ash samples (dry basis) confronted with current UE limits.

Unit CD1_FR CD2_FR CD3_IF CL1_FR CL2_IF CL3_IF CL4_IF CL5_IF
EU Regulation

2019/1009 1

P2O5 wt% 8.21 4.09 10.8 7.81 21.00 19.23 22.49 23.74

P 2 wt% 3.58 1.78 4.71 3.41 9.16 8.38 9.81 10.35

Zn mg/kg 980 493 938 846 2787 3400 2700 2700 1500 3

Hg mg/kg <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 1

Cu mg/kg 138 35 129 109 612 232 321 280 600 3

Cr mg/kg 22 178 52 24 36 73 65 44 2 4

As mg/kg 8.86 1.78 1.38 9.99 <1.0 <1.0 <1.0 <1.0 40

Cd mg/kg 4.35 2.23 2.43 <0.05 2.93 0.19 0.13 0.17 3 5

Cdrecalc mg/kg
P2O5

52.98 54.52 22.50 <0.64 13.95 0.99 0.58 0.72 60 6

Ni mg/kg 18.1 14.1 22.6 16.0 41.8 99.0 75.0 58.0 100

Pb mg/kg 40.00 16.40 18.80 49.30 5.24 4.26 2.37 3.39 120
1 The EU Fertilising Products Regulation 2019/1009 of heavy metals concentration in inorganic macronutrient
fertilizers. 2 An assumption was made that all P in the ashes is in the form of P2O5. The conversion factor was used
according to EU Regulation 2019/1009: phosphorus (P) = phosphorus pentoxide (P2O5) × 0.436. 3 These limit
values shall not apply where copper (Cu) or zinc (Zn) has been intentionally added to an inorganic macronutrient
fertilizer for the purpose of correcting a soil micronutrient deficiency. 4 The limit value is 2 mg/kg dry matter is
for Cr (VI) while in this table the total Cr concentrations are given. 5 Where an inorganic macronutrient fertilizer
has a total phosphorus content of less than 5% P2O5: 3 mg/kg dry matter. 6 Where an inorganic macronutrient
fertilizer has a total phosphorus content of 5% P2O5: 60 mg/kg P2O5.

Phosphorus is the desired element, and therefore, it is important to evaluate its
concentration in ashes from various sources and breeding systems. From Table 4 it is
evident that industrial farming chicken litter ashes have greatly more phosphorus than
other samples.

Mercury and copper contents in all samples are greatly below the limits of the EU
regulations. They are the most volatile of the heavy metals hence even if present in the
biomass, they volatilize during the combustion process, which is the reason for their very
low concentrations in the ashes.

For cadmium concentration in fertilizers, the EU regulation has two different lim-
its depending on the P2O5 concentration in the investigated material. When the P2O5
concentration is below 5 wt%, the limit is 3 mg Cd per kg dry matter. When the P2O5
concentration is above 5 wt%, the limit is 60 mg per kg P2O5. Evaluating the Cd levels
in the ashes against the EU limit needs an assumption that all phosphorus in the ashes
is bound in the form of P2O5. With the following assumption, the concentration of Cd is
recalculated in Table 4 (Cdrecalc expressed in mg per kg P2O5), which indicates that the
ashes have Cd concentrations below the EU limit.

Arsenic and lead concentrations are below the limits, and none of the samples is over
the limit of nickel concentration as well; however, the CL3_IF sample is close to the limit.

The concentrations of zinc in industrial farming chicken litter ashes are beyond the limits
of UE regulations, reaching 3400 mg/kg. For cow manure and free-range chicken litter ashes,
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the limit is not exceeded. A possible explanation of the high Zn content is its addition as a food
supplement. Zinc is used in industrial poultry breeding to improve reproduction, increase
mass gain and boost egg production. High Zn content is, in general, an issue of animal-origin
biomass. Nordin et al. [9] determined the Zn concentration in ash from the combustion of
a mixture of horse manure and sewage sludge to 1400 mg/kg. Zhang et al. reported the Zn
concentration in unprocessed chicken manure reaching up to 1063.32 mg/kg [61].

The elevated Cr concentration of chromium in all samples is likely to be a result of
unregulated Cr limits in animal feed. Chromium concentration in chicken manure was
reported to range up to 2402.95 mg/kg for a flock size of 2000–20,000 birds [61]. However,
due to significant phosphorus concentrations, ashes with exceeded chromium levels can be
used in a smaller amount as an additive for fertilizing products.

The limits of other metals and metalloids, such as Sb, Se, Sn, V, Mo and Co, in fertilizers
are not controlled under EU regulations. In Table 5, the concentration of these elements in ash
samples (dry basis) are presented together with their average concentrations in European or
North American soils to assess the potential risk of their introduction into the environment.

Table 5. Concentration of selected elements in ash samples (dry basis) together with their concentra-
tions in European/North American soils.

Unit CD1_FR CD2_FR CD3_IF CL1_FR CL2_IF CL3_IF CL4_IF CL5_IF
Concentration in

European/USA Soils

V mg/kg <0.05 29.7 15.1 34 13.4 88 49 36 median 60 [62]

Sb mg/kg <5.00 <5.00 <5.00 <5.00 <5.00 <5.00 <5.00 <5.00 0.02–31.1
median 0.60 [63]

Se mg/kg <5.00 <5.00 <5.00 <5.00 <5.00 <5.00 <5.00 <5.00 up to 600 [64]

Sn mg/kg <5.00 <5.00 <5.00 <5.00 <5.00 <5.00 <5.00 <5.00 <2–106
median 3.0 [63]

Mo mg/kg 5.59 10.90 11.80 6.25 46.50 43.00 31.00 40.00 <0.1–17.2
median 0.62 [63]

Co mg/kg 6.07 2.97 4.57 7.61 3.66 31.00 10.70 7.03 0.1–7.0 [65]

The knowledge of vanadium behavior in soils is poor compared with other heavy
metals, such as Cu, Pb and Zn. However, the median value of total vanadium concentration
in European surface soils is 60 mg/kg, with maximum values up to 500 mg/kg. Most
toxicity-based limits for unacceptable risks range from 90 to 500 mg/kg for those EU
members that have established limitations for vanadium concentration in soils [62]. Thus,
the content of vanadium in the tested ashes can be considered harmless.

The content of antimony, tin and molybdenum in the European surface soils was found
to be in the ranges <0.02–31.1, <2–106 and <0.1–17.2 mg/kg, respectively [63]. Selenium
was found in soils with concentrations up to 600 mg/kg [64]. The normal range of cobalt
concentration in agricultural soils are 0.1–7.0 mg/kg [65]. Among these elements, only
molybdenum is present in the investigated ashes in amounts exceeding the typical values
of soil. However, molybdenum is a micronutrient necessary for the proper development
of plants. Its deficit leads to the appearance of light flaws on the leaves, the death of buds
and difficulty in the formation of leaf blades, and hence it was under investigation as
a component of fertilizers [66]. On this basis, it can be concluded that the tested ashes do
not pose a threat to the environment in terms of examined metal and metalloid contents.

4. Conclusions

It was found that the properties of animal-origin biomass strongly depend on the
farming style, not only on the animal species. Whether it is cow manure or chicken litter,
the free-range raw materials showed different fuel and ash characteristics than industrial
farming ones.

Free-range materials are characterized by higher ash contents. The great difference
can be observed in chlorine concentration: Free-range samples of both cow manure and
chicken litter contain chlorine at lower levels, comparable to plant-origin biomass, while
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industrial farming samples are chlorine-rich (up to 1.02% of Cl). Free-range samples are
characterized by the predominant content of silica in the ash, up to 75.6% in cow manure
and 57.11% in chicken litter. The high concentration of silica in free-range ashes is caused
by the presence of sand particles that were found in all free-range samples by SEM analysis.

The samples were classified by 11 “slagging indices”. Similar to plant-origin biomass,
the coefficients display mixed results when applied to animal-origin biomass. The ash
fusion temperatures of industrial farming chicken litter can be considered very high since
these samples were classified to have low deposition risk by indices that are based on AFTs
(IT, ST and AFI). On the other hand, based on chlorine concentration, all industrial ashes
were classified as highly risky.

The content of phosphorous, metals and metalloids was determined in ash samples to
assess their potential for agricultural application together with the risk of their introduction
into the environment. Ashes from industrial chicken litter contain more phosphorus than
other ones. The concentrations of Hg, Cu, As, Ni, Cd and Pb in all samples are below the
limits established in the EU Fertilising Products Regulation of heavy metals concentration
in inorganic macronutrient fertilizers. The concentrations of Cr in all samples and Zn
in industrial farming chicken litter are beyond the limits of UE Regulation. A possible
explanation is an intentional addition of Zn into the poultry feed as a food supplement.
Cr can be present in the feed as well; however, its concentration in animals’ food is not
regulated in the EU. Such ashes can be processed as an additive to mineral fertilizers in
small amounts, taking into account their elevated Zn and Cr concentration.
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Abstract: This work focuses on the impact of carrier gas on the quantity and quality of pyrolytic
products received from intermediate pyrolysis of the brewer’s spent grain. In this study, three types
of carrier gases were tested: argon, nitrogen, and carbon dioxide at three temperatures of 500, 600,
and 700 ◦C. On the basis of the process conditions, the yield of products was determined. The
ultimate analysis of the char was performed, and for selected chars, the combustion properties were
determined. Gas chromatography of the organic fraction of oil was performed, and the compounds
were determined. Additionally, microscale investigation of the spent grain pyrolysis was performed
by thermogravimetric analysis. The results showed that there were no significant differences in
product yields in various atmospheres. Char yield changed only with temperature from 28% at
500 ◦C up to 19% at 700 ◦C. According to ultimate analysis, the char from CO2 pyrolysis was
approximately 2% richer in carbon and this fact did not influence on the combustion properties of
the char. The oil fraction was characterized mainly by acids with a maximum content of 68% at
600 ◦C in an argon atmosphere and the acid concentration depended on the carrier gas as follows
line: Ar > N2 > CO2.

Keywords: Brewer’s spent grain; intermediate pyrolysis; carrier gas; fixed bed reactor

1. Introduction

Current energy and ecological policy promotes the reuse and management of all types
of municipal and industrial solid wastes in technological processes [1,2]. The main goal of
this promotion is to reduce the amount of waste in landfills and also search for alternative
solutions for fossil fuels. The use of municipal solid waste in the power engineering sector
allows a reduction the amount of fossil fuels involved in energetic processes. Especially
organic wastes are worth considering. This is important because fossil fuels have limited
resources and can be regenerated over long periods of time [3,4]. Another reason is the fact
that global demand for primary energy is dynamically increasing, and it leads to intensified
consumption of all kinds of fuel, especially fossil fuels such as natural gas, coal, or oil [5].

In 2000, the usage of industrial and municipal solid waste in the energy sector allowed
to produce approximately 1.24 EJ of primary energy, and in 2019, the production of primary
energy from waste was 2.59 EJ [6]. It was above two times the increase in waste share
in the primary energy generation structure. Most wastes are characterized by an organic
chemical structure, and these wastes can be classified as biomass sources, according to
the definition of biomass included in the directive of the European Parliament and of the
Council [7]. Biomass as a source of energy belongs to renewable energy sources. From this
point of view, the reuse of waste in the energy process has a lot of energetic, economical,
and ecological benefits [8].
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Today, the power engineering sector uses organic wastes primarily in combustion,
where the chemical energy is converted to heat that could be used in other processes [9–11].
Another method is the thermal conversion of solid waste into valuable fuels by a process
such as pyrolysis. The primary feedstock is thermally degraded in the absence of an oxygen
atmosphere, where, in the results, long polymer structures are broken into smaller chemical
compounds. This process is called pyrolysis and usually operates in the temperature range
of 350 ◦C to 750 ◦C [12–14]. Pyrolysis always delivers three types of products: solid residue,
condensable fraction of heavy hydrocarbons, and light-weight gases. Solid residues are built
with fixed carbon and ash included in feedstock, while volatile matter and noncondensable
gases are gaseous products of the degradation of long structure of polymers.

An example of food industrial solid waste is brewer’s spent grain (BSG). Brewer’s
spent grain is organic residue generated after the beer production process. In 2020, around
32 billion L of beer were produced in the European Union [15]. Production of 100 L
of beer was estimated to require 20–22 kg of barley malt, which is the primary organic
component [16]. According to the presented data, it can be observed that a large amount of
BSG could be obtained and reused in the energy sector. Nowadays, BSG waste is converted
to animal feed due to high content of nutrients, even after the brewing process, or is stored
in landfills [16,17].

BSG as a waste material could be involved in the power engineering sector. Because
of its organic nature, it is classified as a biomass, and its use could increase the impact of
green energy on the structure of primary energy demand. The wet BSG waste directly
from the lauter tun contains around 77–81% water, and for further processes, the BSG
should be dried to increase its energetic potential [18,19]. BSG is considered as fuel in the
combustion process where the included chemical energy is transformed into heat [20,21]. It
is characterized by a higher calorific value of 17.8 up to 19.1 MJ·kg−1 and a relatively small
ash content of 1.7% to 5.4% [22]. On the other hand, many scientific works present BSG
as a good example of feedstock material in pyrolysis or other chemical processes of solid
material conversion [23–27]. Because of these methods, valuable chemical compounds
can be evolved from BSG. Čater et al. [23] investigate a method of to produce biogas from
brewer’s spent grain by bioaugmentation enhanced with anaerobic hydrolytic bacteria.
The results of the researchers have shown that 17.8% of the methane from BSG can be
produced with the bioaugmentation of pseudobutyrivibrio xylanivorans. Yinxin et al. [24]
investigated a co-pyrolysis of BSG and sewage sludge in a limited oxygen atmosphere (<5%).
The results have shown that the higher the content of sewage sludge in the primary mixture,
the higher the pH and the lower the ash content in the biochar received. The conversion
of BSG to calorific fuel has been reported in [25], where intermediate pyrolysis combined
with catalytic steam reforming was investigated by Mahmood et al. That research has
shown that higher temperature affects gaseous product production, and the heating value
of gas was from 10.8 to 25.2 MJ/m3, depending on the conditions. The microscale of BSG
pyrolysis was described by Borel et al. [26]. Researchers used thermogravimetry analysis to
investigate the thermal degradation of a BSG in the presence of nitrogen atmosphere. On
the basis of the curves received from the TG analysis, scientists evaluated the independent
parallel reaction model of the pyrolysis of basic components of BSG.

This paper provides a study of the intermediate pyrolysis of the brewer’s spent grain
in a laboratory scale fixed-bed reactor. This work focuses mainly on the impact of a gaseous
atmosphere on the pyrolysis process. Based on the literature review, it was found that
only some investigations presented the influence of sweeping gas on different types of
pyrolysis, mainly in fast pyrolysis, with diversified biomass feedstocks [28–31]. Thus, the
main goal of this paper was to compare the quality and quantity of products obtained
under three kinds of atmosphere (Ar, N2, and CO2). In [28], Zhang et al. investigated a
fast pyrolysis of corncob in a fluidized reactor under five different carrier gases: nitrogen,
carbon dioxide, carbon monoxide, methane, and hydrogen. The results suggested that
the smallest amount of bio-oil would be obtained under the CO atmosphere, and it was
49.6%, while the other gases gave similar results, and the liquid fraction was around
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58%. Similar experiments were carried out by Liu et al. [29]. Researchers investigated the
pyrolysis process of binder cold-briquetted lignite (BCBL) in a fixed bed reactor under
carbon monoxide, carbon dioxide, methane, hydrogen, and nitrogen atmosphere. Scientists
received the specific surface area of semichars in the range of 1.71–2.53 m2/g where the
lowest value was received for the CO atmosphere and the highest for N2. Investigation
of the impact of gaseous atmosphere on the pyrolysis process could also be found in [30],
where Zhang and Zhang conducted experiments concerning a catalytic microwave-induced
fast pyrolysis of medicinal herb residue under carbon dioxide, carbon monoxide, hydrogen,
and nitrogen, and their studies were focused on determining the pyrolytic product yields
and oil chemical compositions. The received results showed the dependency between
the maximum content of the oil fraction and the gas atmosphere in the following line
N2 > CO2 > H2 > CO. These results confirm the results of the work [28].

In this work, studies concerning the impact of the gaseous atmosphere on the pyrolytic
products from intermediate pyrolysis have been presented. This article focuses on the
quality and quantity analysis of the pyrolytic products received under various conditions.
The aim of this article was to provide an answer to the following questions: Are there
crucial differences in the quality of products obtained under different gases in intermediate
pyrolysis? Is it possible to reduce the amount of N-containing compounds in the oil if
commonly used nitrogen is replaced by argon?

Moreover, intermediate pyrolysis compared to fast and slow pyrolysis characterizes
the same yields of char, gas, and oil. This distribution of yields is desirable in the production
process. As reported in the newest paper [32] that intermediate pyrolysis with polygen-
eration may play important an role in the reduction of CO2 emissions up to 2050. The
additional advantage of intermediate pyrolysis is the fact that oil has less oxygen content
than that from fast pyrolysis. Moreover, the feedstocks used in intermediate pyrolysis can
contain significant amounts of moisture, and hence, they do not require a pretreatment
process. Thus, the motivation of this work was the investigation of the impact of carrier
gas on intermediate pyrolysis. This fact makes this study novel, and the presented results
may enhance the knowledge about another kind of pyrolysis.

2. Materials and Methods

The experiments were carried out in a horizontal fixed-bed reactor with a nonlinear
heating rate of the sample. Three different carrier gases were selected: argon and nitro-
gen, which are considered non-reactive gases with solid feedstock, and carbon dioxide,
which at higher temperatures could react with carbon [33]. The tests were carried out at
three temperatures of 500, 600, and 700 ◦C to determine the effect of temperature on the
received results.

Pyrolytic products were divided into three groups: solid residue (char), condensable
fraction (oil), and light-weight gases. For every investigated case, the yield of products
was determined. Chars were analyzed via ultimate analysis, and carbon, nitrogen, and
hydrogen contents were determined. For selected chars obtained under a nitrogen and
carbon dioxide atmosphere, combustion characteristics were plotted, and ignition and
burnout temperatures were determined. The organic fraction of oil was analyzed by gas
chromatography technique. Organic compounds which form the structure of oil have been
determined and classified into chemical groups. Furthermore, the main experiments have
been supplied by the microscale study involving a thermogravimetric analysis, where the
pyrolysis behavior of BSG under considered gases was recorded.

2.1. Characterization of Feedstock

Brewer’s spent grain (BSG) was selected as a feedstock material. This feedstock is
the main organic residue after the beer production process. The BSG for the tests was
supplied from the Polish brewery industry located in AGH Cracow. The material was
collected directly after the brewing process, and the feedstock was immediately packed in
hermetic bags and stored at 4 ◦C to prevent microbial fermentation during delivery. The
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raw feedstock contained a lot of moisture and for this reason, the BSG was dried at 40 ◦C
for several days. Then, the air-dried material was milled, and for further experiments,
nonuniform size particles (less than 1 mm) were selected. It was expected that the non-
uniform size of the particles would be characterized by a lower bulk density. Consequently,
the biomass sample should have more spaces to release volatile matter, and carrier gas
should have easier sweeping into the sample.

2.2. Experimental Setup

Intermediate pyrolysis experiments of the brewer’s spent grain were carried out in a
horizontal fixed bed reactor. The reactor scheme is presented in Figure 1.

 

Figure 1. Experimental setup for the intermediate pyrolysis process.

The fixed-bed reactor is built with two concentric positioned stainless-steel pipes:
external and internal. The external pipe is motionless and is surrounded by electric heaters.
The external pipe with the heaters is enclosed by ceramic insulation. The internal pipe is
placed inside the external pipe, and this pipe is able to move by push. In the internal pipe,
a longitudinal hole was created, and in this hole, the feedstock was placed. The biomass
sample was inserted into the reactor when the internal pipe was pushed.

The presented laboratory setup consists of three main sections. In the first zone,
on the right side of Figure 1, a biomass sample was prepared for the experiment, and
the solid residues were cooled after pyrolysis. BSG sample (1 g) was applied to the
reactor. The sample was pyrolyzed for 3 min, and after this time, the sample was cooled.
Inside the internal pipe, the sweeping gas was flowing. Nitrogen, argon, and carbon
dioxide were chosen, and for each case, the volume flow rate was set at 300 mL/min. The
purity of each gas was 99.9999%. The flow rate was monitored by an electronic regulator.
Additionally, in a first zone, the water cooler was installed which allowed to cool a solid
residue after pyrolysis.

In the second zone, the fixed-bed reactor was placed where intermediate pyrolysis was
conducted. Heat was supplied by electrical heaters. The reactor temperature was measured
on the wall of the external pipe using a K thermocouple. In this study, the temperature was
set at 500 ◦C, 600 ◦C, and 700 ◦C.

The temperature was controlled by an autotransformer, and the temperature value was
displayed in the indicator. During the experiment, in the initial time, a temperature drop
of approximately 30–40 ◦C was observed due to the insertion of a cold internal pipe with
the sample. Then, the temperature returned to the initial temperature. In this laboratory
setup, cold feedstock was inserted into the preheated reactor up to the set temperature of
the process, and the sample was heated with the non-linear heating curve. The detailed
description of the non-linear heating rate can be found in previous research [34].
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The last part of the setup provided the capture of liquid and gaseous products. Water
and heavy hydrocarbons from volatile matter were liquified in a container that had been
placed in an ice bucket. The remaining gases left the reactor and were not captured
for analysis.

2.3. Analytical Methods of Feedstock and Products Characterization
2.3.1. Ultimate, Proximate, and Fiber Analysis

The elemental composition of brewer’s spent was determined using a Truspec CHNS
628 Leco analyzer. All solid products from intermediate pyrolysis of BSG under considered
gaseous atmospheres were also analyzed by ultimate analysis involving the same device.
This apparatus determines carbon, hydrogen, and nitrogen content using combustion
methods. A pre-weighted sample was inserted to the furnace where it was combusted with
pure oxygen to carbon dioxide (CO2) and steam (H2O). High temperatures also allowed to
create NOx. The species received on detectors determine the content of basic elements.

Proximate analysis was performed for air-dried brewer’s spent grain only. Moisture,
volatile matter and ash content were determined according to the standards EN ISO 18134–2:2017,
EN ISO 18122:2015, and EN ISO 18122:2015, respectively.

Fiber structure analysis of BSG was conducted according to van Soest method [35] to
enhance knowledge about cellulose, hemicellulose, and lignin content. All basic analyzes
of feedstock properties were duplicated.

2.3.2. Thermogravimetric Analysis

Thermogravimetric analysis was involved to investigate the impact of carrier gas on
the BSG pyrolysis and also to determine the combustion properties of selected chars.

The mass loss of the BSG under the respected gases was determined using a STA 449
F3 Jupiter thermal analyzer. Approximately 12 mg of the sample was loaded onto platinum
crucibles with an Al2O3 inlay. The sample was heated from ambient temperature to 800 ◦C
at a heating rate of 5 K/min with a volume flow rate of 70 mL/min. After reaching the
final temperature, the sample was kept for 20 min under isothermal conditions. Then, it
was cooled to the initial temperature again.

According to the results of ultimate analysis of solid residues from intermediate
pyrolysis, the chars received under carbon dioxide and nitrogen atmosphere at the lowest
and the highest temperatures were selected for thermogravimetry analysis. The reason for
choosing only four cases for TG analysis was as an attempt to investigate the char received
under one of the inert atmospheres and compare it to the char from the reactive atmosphere
at a given temperature.

These experiments were performed using Mettler Toledo TGA/SDTA 851. Around
6 mg of char was placed in a corundum crucible. The sample was then combusted under air
atmosphere with a volume flow rate of 40 mL/min. The char was heated at a heating rate
of 10 K/min from ambient temperature to 800 ◦C. During the experiments, mass loss, time,
and temperature were recorded, and combustion profiles were determined. The results of
the TG analysis, and their graphical interpretation allowed the ignition temperature and
the burnout temperature to be found [36].

The ignition temperature refers to the minimum temperatures at which fuels spon-
taneously ignite without external source of ignition. The ignition temperature was deter-
mined according to work [36]. The burnout temperature is the temperature at which 99%
of the initial fuel mass was converted.

All experiments were performed twice to test the repeatability, and a good consistency,
with the standard errors of ±1 ◦C, was observed.

2.3.3. Products Yield

The products from intermediate pyrolysis were classified into three main groups: char
(solid residue), oil fraction, (liquid fraction consisted with organic fraction of condensable
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vapors and water), and non-condensable gases. The yield of each pyrolysis product was
computed according to Equations (1)–(3).

Ychar =
Mchar

Mbiomass
·100% (1)

Yoil =
Moil

Mbiomass
·100% (2)

Ygas = 100% − Yoil − Ychar (3)

where Yx is the yield of x and Mx refers to the mass of x.

2.3.4. Gas Chromatography–Mass Spectroscopy

The liquid fraction collected from the intermediate pyrolysis contained a condensable
fraction of volatiles (tar) and water. For further investigations, water had been separated,
and only the organic fraction was analyzed. The purpose of the tar analysis was to identify
the quality and quantity of the compound that built the oil structure received under var-
ious conditions. Analysis was performed using gas chromatography mass spectroscopy
(GC–MS) and an Agilent GC 7890 B apparatus equipped with an MS 5977A mass spectrom-
eter and a flame ionizer detector. Before analysis, the tars were dissolved in acetone. Then,
tar analysis was carried out according to the evaporation of compounds from the samples.
The sample was heated from 40 to 300 ◦C at a rate of 3 ◦C/min and kept for 10 min. The
relative content of the determined compound was calculated as a ratio of the peak area
of the compound to the sum of all the compound areas of the peak detected. All samples
were investigated two times.

3. Results

3.1. Brewer’s Spent Grain Properties

The results of the ultimate, proximate, and component analysis of BSG are presented
in Table 1. An air-dry brewer’s spent grain lost approximately 70% of the water that was
included in the as-received state [18]. BSG contains a large amount of volatiles, and this
fact classifies it as a good candidate for pyrolysis, especially for oil production, where large
amount of volatiles is desirable.

Table 1. Results of ultimate, proximate, and component analysis of BSG in an air-dry state.

Ultimate Analysis (wt%)

C 47.57
H 6.78
N 4.08

a O 41.59

Proximate Analysis (wt%)

Moisture (M) 6.23
Volatile matter (VM) 81.57

Ash (A) 3.35
b Fixed carbon (FC) 8.85

Component Analysis (wt%)

Cellulose 17.18
Hemicellulose 34.16

Lignin 3.12
Extractives 45.54

a O: by difference, ash free. b FC = 100 wt%–M–VM–A.
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The BSG is built mainly from extractives such as proteins, fats, and sugars. Lignocellu-
losic hardwood feedstock is mainly composed of three main components, lignin, cellulose,
and hemicellulose, and cellulose is the main component. In the case of agricultural biomass
such as BSG, extractives constitute the main substances. It means that BSG is still rich in
nutrients and, for this reason, is reused for animal food.. The results proved that lignin
has the lowest share as a component, which is the main contributor in char formation
during pyrolysis [37]. Additionally, fixed carbon is only 8.85%, and these facts lead to
less char production than in the case of hardwood feedstocks [38]. The results of BSG
characterization are compatible with data from the literature review [25,39].

3.2. Results of Thermogravimetry Analysis of BSG

The impact of carrier gas on the pyrolysis process was also tested on a microscale
involving thermogravimetric analysis. The main goal was to determine the conversion
behavior of the feedstock during heating under respectable gases. The thermogravimetric
curves for BSG pyrolysis under N2, CO2, and Ar atmospheres are presented in Figure 2.
Based on TG analysis, the derivative thermogravimetric (DTG) curves were created and
are presented in Figure 2.

 
(a) (b) 

Figure 2. TG (a) and DTG (b) curves of BSG pyrolysis under nitrogen, carbon dioxide, and argon
atmospheres at a heating rate of 5 K/min.

From the presented figures, it can be noticed that feedstock material is pyrolyzed
in the same way under each gas. There were no significant differences in the pyrolysis
behavior. The first stage of the process between 25 ◦C and 105 ◦C referred to moisture
evaporation. In the temperature range between 250 ◦C and 450 ◦C, BSG lost the highest
amount of initial mass, and the mass dropped from around 91.5% to 30% of the initial mass.
This zone refers to the main pyrolysis, where volatiles are released from biomass particles.
It could be observed that this process was nearly the same for all the considered cases. For
every test, there were two peaks where the mass conversion was the highest. The first
peak could be observed at a temperature around 284 ◦C, where the mass loss was around
3.2%/min, and the second peak occurred at a temperature close to 340 ◦C with mass loss of
around 2.4%/min.

After reaching 450 ◦C, the mass conversion was deaccelerated, and only residual
volatiles were released from the particles. In this range of pyrolysis, it was also assumed
that the reactive gas, carbon dioxide, had started to react with char. It was expected that
the TG and DTG curves for inert gases would be nearly the same, while for carbon dioxide
smaller amount of initial mass would be observed, especially for higher temperatures.
From the presented results, the TG curves are closely the same for all gases. It could be
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concluded that, in this temperature range, carbon dioxide does not react with the char in a
noticeable way. The received curves of BSG pyrolysis are compatible with the literature
review [25].

3.3. Yield of Products from Intermediate Pyrolysis

The yield of pyrolytic products from the intermediate pyrolysis under an atmosphere
of N2, CO2, and Ar at 500 ◦C, 600 ◦C, and 700 ◦C is presented in Figure 3. The oil represents
the condensable fraction of volatiles and condensed water; the char represents the solid
residue remained after the experiment, and the gas refers to light-weight gases which
did not condensate in the ice bucket. The yield of products was calculated according to
Equations (1)–(3).

  
(a) (b) 

 
(c) 

Figure 3. Products yields received from pyrolysis of BSG at (a) 500 ◦C, (b) 600 ◦C, and (c) 700 ◦C.

The presented results have confirmed that the carrier gases did not influence the
products yields in a noticeable way. In particular, the char content remained at the same
level and its yield changed only with temperature from around 28% at 500 ◦C to 19% at
700 ◦C. The char content was expected to be lower under the CO2 atmosphere due to the
heterogeneous reaction, and this reaction would be more intensive at higher temperature.
In these cases, it could be concluded that the solid fraction did not react with the reac-
tive atmosphere significantly, and the yield of char was nearly the same for CO2 as for
inert gases.

The yield of other products also did not change with the utilization of the carrier gas
or even with the temperature. The oil fraction was in the range from 23.56% to 32.88%, and
the gas yield was from 44.74% to 55.79% of the initial mass of BSG. A slight disproportion
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could be observed at 600 ◦C where the oil fraction yield was higher for inert gases than for
carbon dioxide, and this difference was of around 7.5%.

Obtained results of products yield for intermediate pyrolysis are valid with literature
review, and similar results could be found in work [40]. Scientists made an analysis of
intermediate pyrolysis of 8 different feedstocks, and char content has been reported from
27–40%, oil yield was from 20% to 47.5%, and gas fraction consisted of 24.5–40.5% of the
initial mass of sample. The results of the impact of carrier gas also agree with Reference [28],
where difference between yield of char for various gases was around 1.5%.

3.4. Analytical Methods of Feedstock and Products Characterization
3.4.1. Ultimate Analysis of Char

The chars from the experiments were collected to analyze their properties, especially
the elemental composition. Although the yields of char between various carrier gases were
nearly identical, it was worth finding out about the composition of char from different cases.
Table 2 presents the results of the ultimate analysis of the chars received under various
conditions. Additionally, the atomic ratios of H/C and O/C were included in this table.

Table 2. Results of ultimate analysis of BSG char in an air-dry state.

Temperature (◦C) Gas Atmosphere C (wt%) H (wt%) N (wt%) a O (wt%) H/C O/C

500
N2 65.00 4.25 6.36 24.39 0.785 0.281
Ar 66.28 4.19 6.59 22.94 0.758 0.260

CO2 67.29 4.15 6.55 22.00 0.740 0.245

600
N2 67.02 3.07 6.23 23.68 0.550 0.265
Ar 67.18 3.14 6.30 23.38 0.561 0.261

CO2 68.60 3.00 6.65 21.75 0.524 0.238

700
N2 68.44 2.48 5.94 23.14 0.435 0.254
Ar 69.08 2.48 5.92 22.52 0.430 0.244

CO2 70.39 2.32 6.22 21.06 0.396 0.224
a O: by difference, ash free.

According to the received results, it can be observed that char from pyrolysis under
carbon dioxide is slightly richer in carbon. This situation happens at all temperatures
considered. The maximal difference in carbon content between chars is around 2%, and
the following correlation was observed in every case: CO2 > Ar > N2. Taking into account
other elements, it can be observed that the highest nitrogen content is received under CO2
atmosphere except 500 ◦C, and this situation has been proven in [41]. Additionally, the
smallest amount of oxygen in char is always obtained under a CO2 atmosphere. From
presented results, under CO2 pyrolysis, chars are characterized by the lowest value of H/C
and O/C ratios. The lower the H/C and especially the O/C ratios, the better the quality of
the chars, and the char is close to being built with pure carbon, which is the desirable effect
in solid fuels [42].

The small differences between the elemental composition can be confirmed according
to Reference [43]. Gao et al. used pure nitrogen and a 50/50 mixture of nitrogen and carbon
dioxide in lignite pyrolysis at 550, 700, and 800 ◦C. The differences in carbon content were
around 1.2, 3.4, and 1.3%, respectively, at 500, 700, and 800 ◦C, but in all cases, the carbon
chars from nitrogen pyrolysis were richer in carbon. In the work of Luo et al. [44], scientists
investigated a pyrolysis of bituminous coal and platanus sawdust under a pure nitrogen
and pure carbon dioxide atmosphere. The received results on the elemental composition of
the char suggest the small difference in carbon content of 2% and, in this case, the chars
obtained under carbon dioxide pyrolysis were also richer in carbon.

3.4.2. Combustion Characteristics of Selected Chars

From the results of the ultimate analysis, chars that were characterized by the lowest
and highest carbon content at the lowest and highest investigated temperature were consid-
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ered for further analysis. For this reason, the chars obtained from pyrolysis under nitrogen
and carbon dioxide atmosphere at 500 and 700 ◦C were selected. The chars were analyzed
by the thermogravimetric analysis and were combusted under air conditions. The results
of char combustion behavior are presented in Figure 4. Based on these results, the ignition
and burnout temperatures were determined, and results are presented in Table 3.

   
(a) (b) 

Figure 4. TG and DTG curves of char combustion which was obtained from pyrolysis under carbon
dioxide and nitrogen atmosphere at (a) 500 ◦C and (b) 700 ◦C.

Table 3. Ignition and burnout temperatures for chars obtained at 500 and 700 ◦C under carbon
dioxide and nitrogen atmosphere.

Sample Name Ignition Temperature (◦C) Burnout Temperature (◦C)

Char_500_CO2 400.1 711.9
Char_500_N2 397.0 710.8

Char_700_CO2 466.3 739.5
Char_700_N2 463.4 739.6

The small differences in the carbon content in the chars did not reflect the combustion
behavior of the chars considered. The curves overlap by themselves, and for this reason,
it could be concluded that the gaseous atmosphere of pyrolysis did not influence the
combustion behavior of received chars. The conclusion can be confirmed by the similar
ignition and burnout temperatures of chars. Only the temperature of pyrolysis had an
impact on the values of the ignition and burnout temperatures. The ignition temperature
of the chars was around 66 K higher for the char obtained at 700 ◦C. The same correlation
was observed for the burnout temperature, but the difference was around 29 ◦C.

3.5. Characteristics of Organic Fraction of Oil

The oils collected from the experiments consisted of two separate phases: the aqueous
phase (water + soluble compounds) and the organic phase. The phases had been separated,
and for further analysis, only the organic fraction was involved. Gas chromatography was
performed, where organic compounds were determined. The obtained results allowed the
classification of the compounds on the basis of their functional group. The solutions of
this classification are presented in Figure 5. Additionally, in Table 4 is the list of detected
compounds and their relative content in the organic fraction of oil.
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(a) (b) 

 
(c) 

Figure 5. Relative content of different groups of chemicals in organic fraction of oil received under
argon, nitrogen, and carbon dioxide at (a) 500 ◦C, (b) 600◦C, and (c) 700 ◦C.

Despite the similar yields of the oil under respected gases, from Figure 5 and Table 4, it
could be observed that a diversified structure of oil and a content of selected compound are
different for every gas. The main group of compounds were acids, which was confirmed in
work [25], and this group of compounds was dominant at every pyrolysis temperature and
used carrier gas. At 600 ◦C and 700 ◦C, it was observed that under an argon atmosphere,
the higher amount of acids evolved while the lowest amount was under carbon dioxide.
The reverse situation occurred for pyrolysis at 500 ◦C, where at this temperature, carbon
dioxide promoted the higher content of acids. A high amount of acids in the oil could be
result of significant content of lipids up to even 13% in the BSG structure [45]. Among
the acid compounds, the n-Hexadecanoic acid was dominant, and its concentration was
dependent on the carrier used in the following line: Ar > N2 > CO2 at all temperatures.
Another major compound among acidic group was 9,12-Octadecadienoic acid (Z,Z)-, and
the highest content of 25.17% was determined at 500 ◦C under CO2 atmosphere. For 600 ◦C
and 700 ◦C, the same correlation was recorded as for the previous compound, but at 700 ◦C
under CO2, the compound was not detected. The last major compound identified was oleic
acid, and its concentration was the highest for nitrogen atmosphere at 500 ◦C and 600 ◦C.

Another large group of compounds include nitrogen in their structure. The presence
of these compounds in oil would be the result of the destruction of proteins that also have
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significant content in BSG up to 31% [46,47]. The N-containing compounds had the highest
share in the oil structure at 700 ◦C and under CO2, and their relative content was around
40%. For nitrogen and argon, N-containing compounds consisted around 18 and 15%,
respectively, at the same temperature. The lower the temperature, the significant lower the
number of N-containing compounds in the oil structure, and the relative content became
the same for each gas. In this group, the main determined compound was 3-Octanamine
received under carbon dioxide at 700 ◦C with a relative content of around 11.3%.

As the temperature of pyrolysis increased, the total phenol content grew, and the high-
est concentration was observed at 700 ◦C under a nitrogen atmosphere. In this atmosphere,
the phenol content increased from around 8% at 500 ◦C to 30% at 700 ◦C. The dominant
compound in this group was p-cresol, which was observed under all atmospheres at all tem-
peratures. The highest concentration of p-cresol was determined under nitrogen at 700 ◦C.
The presence of p-cresol could be the result of thermal degradation of lignin structures [48].

Analyzing Table 4 and Figure 5, it is worth also mentioning the content of derivatives of
saccharides, and with it the oil, galacto-heptulose, that was determined. Its concentration is
noticeable at 500 and 600 ◦C for all gases, and it was around 6–7%. At 700 ◦C, the compound
was measured only in the case of carbon dioxide and was 3.45% of relative content. The
presence of galcato-heptulose could be the result of saccharide degradation [49].

Presented analysis confirms that acids have the major share in oil structure with
relative content of 52–65%, 49–68%, and 26–40%, respectively, at 500, 600, and 700 ◦C.
The content of acids was dependent on used carrier gas. At higher temperatures, argon
promoted higher concentration of acids where the lowest was observed for carbon dioxide.
The diversified structure of oil received under various atmospheres at the same temperature
was also confirmed in works [28,29,50].

Table 4. Chemical compositions of the oils obtained under argon, nitrogen, and carbon dioxide.

Compound Formula

Relative Content at Different Conditions (%)

500 ◦C 600 ◦C 700 ◦C

Ar N2 CO2 Ar N2 CO2 Ar N2 CO2

Acids

Propanoic acid C3H6O2 0.98 1.17 0.74 1.29 0.96 1.53 0.00 2.36 1.33
Propanoic acid, 2-methyl- C4H8O2 0.00 0.18 0.11 0.00 0.00 0.00 0.00 0.68 0.00
Butanoic acid, 3-methyl- C5H10O2 0.43 0.33 0.00 0.00 0.95 0.00 0.00 0.33 0.00

Undec-10-ynoic acid C11H18O2 0.00 0.00 0.00 0.47 0.33 0.52 0.55 0.32 0.67
n-Hexadecanoic acid C16H32O2 32.46 27.94 29.36 34.76 32.72 22.96 32.72 22.74 12.83

Oleic Acid C18H34O2 7.78 10.36 9.51 9.68 10.15 8.97 2.93 1.72 0.76
9,12-Octadecadienoic acid (Z,Z)- C18H32O2 10.02 18.49 25.17 22.21 18.10 15.71 3.76 1.59 0.00

Alcohols

2-Pentanone, 4-hydroxy-4-methyl- C6H12O2 0.70 0.59 0.83 1.20 0.47 0.88 14.33 2.71 3.02
2-Furanmethanol C5H6O2 0.98 0.75 0.60 0.97 0.72 1.84 0.18 2.13 0.00

5,7-Octadien-3-ol, 2,4,4,7-tetramethyl-, (E)- C12H22O 0.19 0.23 0.19 0.00 0.00 0.00 0.00 0.31 0.00
1-Heptatriacotanol C37H76O 2.34 1.12 1.22 1.17 3.50 7.42 0.66 0.00 0.93

3-Cyclohexen-1-ol, 1-methyl- C10H18O 1.01 0.74 0.75 0.36 0.49 2.26 0.00 2.34 1.94
4,7-Methano-1H-inden-1-ol,

3a,4,7,7a-tetrahydro- C10H12O 0.00 0.12 0.10 0.17 0.19 0.09 1.38 1.23 0.87

Bicyclo [2.2.1]heptan-2-ol, 7,7-dimethyl-,
acetate C11H18O2 0.86 0.26 0.11 1.01 0.33 0.94 2.61 2.34 1.51

Tetracyclo
[4.4.1.1(7,10).0(2,5)]dodec-3-en-11-ol C12H16O 0.00 0.00 0.00 0.00 0.00 0.00 1.05 0.32 0.55

Aldehydes
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Table 4. Cont.

Compound Formula

Relative Content at Different Conditions (%)

500 ◦C 600 ◦C 700 ◦C

Ar N2 CO2 Ar N2 CO2 Ar N2 CO2

2,3,4,5,6,7,8-Heptahydroxyoctanal C8H16O8 1.33 1.33 1.11 0.00 0.00 0.00 0.00 0.22 0.00

Esters

2-Propanone, 1-(acetyloxy)- C5H8O3 1.74 1.68 1.63 0.61 0.66 1.16 0.20 0.28 0.00
2,5-Octadecadiynoic acid, methyl ester C19H34O2 0.00 0.52 0.21 0.64 0.32 0.90 0.83 0.36 1.27

2-Octen-1-ol, 3,7-dimethyl-, isobutyrate, (Z)- C14H26O2 0.40 0.30 0.18 0.94 0.50 0.57 0.98 0.50 0.00
Propanoic acid, ethenyl ester C5H10O2 0.21 0.37 0.15 0.00 0.00 0.00 0.00 0.22 0.00

2-Acetoxy-1,2-dihydronaphthalene C12H12O2 0.95 0.71 0.54 0.81 0.78 0.52 2.17 1.90 1.41

Eters

Geranyl vinyl ether C12H20O 0.88 0.78 1.25 0.54 0.24 2.46 0.64 1.57 0.94

Ketons

3-Hexen-2-one C6H10O 0.17 0.00 0.27 0.00 0.00 0.25 0.27 1.01 3.97
2-Butanone, 4-cyclohexyl- C10H18O 0.18 0.26 0.19 0.00 0.00 0.00 0.00 0.48 0.00
Cyclohexanone, 2-methyl- C10H18O 1.46 1.26 1.51 1.04 1.38 0.96 0.00 0.96 0.94

2H-Pyran-2-one, tetrahydro-4-(2-methyl-3-
methylene-1-buten-4-yl)- C11H16O2 0.33 0.28 0.64 0.46 0.47 0.91 0.25 0.16 1.40

3H-Cyclodeca[b]furan-2-one,
4,9-dihydroxy-6-methyl-3,10-dimethylene-

3a,4,7,8,9,10,11,11a-octahydro-
C15H20O4 0.91 1.48 0.16 0.28 0.19 0.40 0.22 0.12 0.72

Cyclohexanone, 2-(2-butynyl)- C10H14O 0.93 0.00 1.72 0.00 0.00 0.00 0.00 0.00 0.00

N-Containing

2-Propen-1-amine, N,N-bis(1-methylethyl)- C4H9NO 0.63 0.32 0.40 0.26 0.32 0.76 0.57 1.56 2.29
2-Pyrroline, 1,2-dimethyl- C11H18N2O2 0.66 0.25 0.48 0.45 0.95 0.72 0.58 1.55 1.56

3-Octanamine C10H19N 0.00 0.00 0.14 0.00 0.00 0.00 0.00 0.00 11.29
3-Pyrrolidinol C4H9NO 0.47 0.17 0.14 0.00 0.00 1.54 0.00 0.00 0.00

4-(2,5-Dihydro-3-
methoxyphenyl)butylamine C18H35NO 0.00 0.13 0.00 0.37 0.38 0.42 0.72 0.26 0.70

4-(2,5-Dihydro-3-
methoxyphenyl)butylamine C8H19N 0.53 1.02 0.59 0.65 1.14 0.71 0.00 0.86 0.63

4-Piperidinone, 2,2,6,6-tetramethyl- C9H19N 0.18 0.00 0.10 0.00 0.00 0.45 1.15 1.80 8.38
7-Azabicyclo [4.1.0]heptane,
1-methyl-4-(1-methylethyl)- C11H19NO 0.50 0.00 0.00 0.16 0.00 0.24 0.00 0.86 0.54

9-Octadecenamide, (Z)- C11H19NO 0.32 0.82 0.00 0.52 0.88 0.82 9.93 0.00 1.73
Acetamide, N-methyl-N-[4-(3-

hydroxypyrrolidinyl)-2-butynyl]- C10H13N3 0.91 1.01 0.00 0.00 0.00 0.53 0.26 5.23 1.27

Debrisoquine C9H17NO 0.32 0.00 0.11 0.00 0.00 0.00 0.00 1.14 0.00
Ethanimidic acid, ethyl ester C5H5N 0.55 1.06 0.78 0.00 0.00 0.00 0.00 0.66 0.00

Hydrazinecarboxylic acid,
phenylmethyl ester C6H13N 0.15 0.16 0.19 0.36 0.22 0.35 0.59 1.08 0.61

N-[3-[N-Aziridyl]propylidene]-1-
azacycloheptylamine C6H11N 0.00 0.00 0.00 0.23 0.23 0.22 0.30 0.68 3.67

Piperidine, 1-methyl- C10H21N3 1.00 0.42 1.13 0.94 0.51 1.12 0.00 0.00 0.00
Pyridine C8H10N2O2 0.91 0.91 0.70 0.59 0.79 1.01 0.37 0.00 2.37

Pyridine, 2-methyl- C6H7N 0.32 0.28 0.30 0.56 0.00 0.88 0.74 2.21 2.29

28



Energies 2022, 15, 2491

Table 4. Cont.

Compound Formula

Relative Content at Different Conditions (%)

500 ◦C 600 ◦C 700 ◦C

Ar N2 CO2 Ar N2 CO2 Ar N2 CO2

Phenols

Phenol C6H6O 0.98 1.09 0.74 0.38 2.63 2.00 0.57 6.45 4.47
o-Cresol C7H8O 0.16 0.19 0.14 0.54 0.64 0.39 1.00 1.87 1.32
p-Cresol C7H8O 3.95 3.04 2.32 6.23 6.77 5.65 10.26 14.87 9.97

o-Ethylphenol C8H10O 1.08 1.27 1.16 1.50 3.05 1.81 0.44 3.82 2.93
Mequinol C7H8O2 1.35 1.32 1.04 0.53 0.64 0.43 1.78 1.02 0.63

4-Ethyl-2-methoxyphenol C9H12O2 1.25 1.24 1.15 0.00 0.00 0.00 0.00 0.00 0.00
Phenol, 2,6-dimethoxy- C8H10O3 0.64 0.71 0.55 0.00 0.00 0.00 0.00 0.20 0.00

Phenol, 4-methoxy-3-(methoxymethyl)- C9H12O3 0.41 0.43 0.45 0.00 0.00 0.00 0.00 0.32 0.00
Androst-5,7-dien-3-ol-17-one C19H26O2 3.78 0.00 0.00 0.22 0.00 0.00 2.59 0.00 2.31

Sugars

Galacto-heptulose C7H14O7 7.29 7.06 5.67 6.13 6.02 5.79 0.39 0.00 3.45

Other

Cyclopropane,
2-(1,1-dimethyl-2-pentenyl)-1,1-dimethyl- C12H22 0.36 0.36 0.30 0.00 0.00 0.00 0.00 0.60 0.00

R-Limonene C10H16 1.44 0.75 0.47 0.00 0.00 0.00 0.00 0.62 0.00
Indene C9H8 0.34 0.37 0.31 0.16 0.49 0.50 0.44 1.08 0.87

1,5,5-Trimethyl-6-methylene-cyclohexene C10H16 0.00 0.36 0.38 0.36 0.61 0.34 1.40 0.00 0.65

4. Conclusions

In this work, intermediate pyrolysis of the brewer’s spent grains was carried out in a
horizontal fixed bed reactor at three temperatures of 500, 600, and 700 ◦C. The study focused
on the analysis of the influence of carrier gas on the pyrolytic products received under the
following conditions: argon, carbon dioxide, and nitrogen. The conducted analysis allows
to draw the following conclusions:

1. According to thermogravimetric analysis, there were no significant differences in the
pyrolysis behavior of brewer’s spent grain under argon, nitrogen, and carbon dioxide
with a heating rate of 5 K/min. The maximum conversion of samples was almost the
same for each gas at 284 ◦C.

2. Intermediate pyrolysis of BSG delivered pyrolytic products independently of the
carrier gas. Only temperature had an impact on product concentrations. Especially
the char content dropped from around 28.5% to 19.5% as the temperature increased.

3. The ultimate analysis showed that the char received under carbon dioxide was richer
in carbon by approximately 2% at all temperatures.

4. The selected chars received under various carrier gases had the same combustion
properties as the ignition and burnout temperatures.

5. Analyzing oil composition, the most dominant group of organic compounds was
acids with a maximum content of 68% at 600 ◦C under an argon atmosphere. The
presented analysis showed the correlation between the content of acids and the carrier
gas as follows: Ar > N2 > CO2. at 600 ◦C and 700 ◦C, less acids could be obtained in
the case of carbon dioxide relative to inert gases.

6. The highest content in the oil was n-Hexadecanoic acid, and it could be a result of
degradation of fats. Carbon dioxide promotes a lower concentration of this compound
in the oil at 600 ◦C and 700 ◦C.

7. The inert atmosphere did not influence the yield of N-containing compounds in oil.
at 600 ◦C and 700 ◦C, argon provided a higher amount of these compounds.

8. According to the results, it is worth considering the carbon dioxide as the carrier
gas in the char production via intermediate pyrolysis. Char obtained under CO2 is
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characterized by the highest carbon content. Additionally, carbon dioxide is used,
which indirectly may lead to decrease of CO2 in the environment.
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13. Mlonka-Mędrala, A.; Evangelopoulos, P.; Sieradzka, M.; Zajemska, M.; Magdziarz, A. Pyrolysis of agricultural waste biomass
towards production of gas fuel and high-quality char: Experimental and numerical investigations. Fuel 2021, 296, 120611.
[CrossRef]

14. Glushkov, D.; Nyashina, G.; Shvets, A.; Pereira, A.; Ramanathan, A. Current Status of the Pyrolysis and Gasification Mechanism
of Biomass. Energies 2021, 14, 7541. [CrossRef]

15. Eurostat. Happy International Beer Day! Products Eurostat News. Available online: https://ec.europa.eu/eurostat/web/
products-eurostat-news/-/edn-20210805-1 (accessed on 1 October 2021).

16. Agro Industry Młóto Browarnicze–Stary Problem, Nowe Pomysły-Agroindustry.pl. Available online: https://www.agroindustry.
pl/index.php/2021/01/12/mloto-browarnicze-stary-problem-nowe-pomysly/ (accessed on 28 May 2021).
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Abstract: This paper presents an assessment of the impact of the COVID-19 pandemic on the waste
management sector, and then, based on laboratory tests and computer calculations, indicates how to
effectively manage selected waste generated during the pandemic. Elemental compositions—namely,
C, H, N, S, Cl, and O—were determined as part of the laboratory tests, and the pyrolysis processes of
the above wastes were analysed using the TGA technique. The calculations were performed for a
pilot pyrolysis reactor with a continuous flow of 240 kg/h in the temperature range of 400–900 ◦C.
The implemented calculation model was experimentally verified for the conditions of the refuse-
derived fuel (RDF) pyrolysis process. As a result of the laboratory tests and computer simulations,
comprehensive knowledge was obtained about the pyrolysis of protective masks, with particular
emphasis on the gaseous products of this process. The high calorific value of the pyrolysis gas,
amounting to approx. 47.7 MJ/m3, encourages the management of plastic waste towards energy
recovery. The proposed approach may be helpful in the initial assessment of the possibility of using
energy from waste, depending on its elemental composition, as well as in the assessment of the
environmental effects.

Keywords: plastic waste; waste management; pyrolysis; thermal conversion; protective mask

1. Introduction

The appearance and rapid spread of the SARS-CoV-2 virus have caused an intensive
increase in the demand for personal protective equipment, especially face masks, due to the
obligation to wear them in public spaces [1]. The production of disposable food packaging
has also significantly risen during the pandemic [2]. Quarantine, isolation, and the fear
of a personal visit to the store have caused an increase in online sales of food, as well as
other products necessary in everyday life [3,4]. For practical and hygienic reasons, many
of these items are packed in disposable plastic packaging [5,6]. The necessity to ship the
ordered products involves the use of cardboard boxes, packaging, cling film, bubble wrap,
etc. to safely deliver the ordered products [7]. In addition, shoppers are encouraged to wear
disposable gloves and to pack all fresh produce separately in plastic bags when shopping in
stationery stores [8,9]. The consequence of this state of affairs is, unfortunately, an enormous
increase in the amount of plastic waste, which, as of 22 November 2020, in the 25 countries
with the highest incidence of COVID-19, reached approximately 54,000 tons [10]. This
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situation was also reflected in the production of the European plastics industry, especially
in the second half of 2020.

The presented data show that the production of plastics before the COVID-19 pan-
demic increased until 2018 and with it the amount of plastic waste (Figure 1). In contrast,
the production of the European plastics industry has decreased since 2018. However, after a
sharp decline in production due to the restrictions resulting from the COVID-19 pandemic
in the first half of 2020, in the second half of this year, the production of plastics in EU
countries began to increase rapidly, according to the Association Plastics Manufacturers in
Europe (Plastics Europe) and the European Association of Plastics Recycling and Recovery
Organisations (EPRO).

Figure 1. Plastic industry production in EU27 (index 2015 = 100, seasonally adjusted quarterly
data) [11].

The pandemic has also had a negative impact on the economy and the proper function-
ing of local governments [12]. Municipalities and cities are struggling with an augmenting
amount of municipal solid waste (MSW) [13] and medical waste, with a simultaneous lower
budgetary inflow of funds as a result of the economic downturn [14]. Local governments
cannot adequately manage the growing amount of hazardous waste placed in municipal
landfills because of a lack of forces and resources at their disposal [15]. It should be noted
that the challenges associated with plastics are largely owing to the fact that the ways
in which such plastics are produced and utilised are not sustainable, because personal
protective equipment (PPE) for hygiene reasons cannot be reusable, recycled, or are often
made of single-use plastic. There is no doubt that the COVID-19 pandemic has changed the
production and use of plastics [16]. These plastics significantly contribute to limiting the
spread of the virus [12]. Nonetheless, according to the authors of this publication, the rapid
increase in plastic waste due to the widespread use of masks and gloves, as well as changes
in the manufacture and use of disposable products, could, in the short term, undermine EU
efforts to reduce plastic pollution and move to more sustainable plastic handling [17,18].

The shock of the outbreak and expansion of the virus on a global scale poses enormous
challenges to economies, public finances, and health systems with the threat of a possible
recession [19]. The solid waste management sector is particularly susceptible, especially
in EU countries, including Poland, which do not meet the requirement of recycling 50%
of municipal waste (in 2020, recycling of MSW amounted to 26.7%, according to GUS
data) [20,21]. Taking the example of Poland, it can be seen that during the pandemic
there was a clear slowdown in the amount of processed waste, resulting in lower incomes
in waste management treatment (WMT). Moreover, the situation in the secondary raw
materials market had a negative impact on the entire waste industry. The prices of new
commodities also fell, which resulted in their greater demand. On the other hand, the
waste-to-energy industry (WTE) achieved good ratings and results. For example, the solid
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waste disposal sector in the Chinese market did not experience large deviations from the
turnover recorded in 2019 [22].

The demand for personal protective equipment (PPE) has grown enormously world-
wide since the start of the pandemic [23]. Such a high demand for PPE has led to the
generation of huge amounts of plastic waste. For example, in Singapore, during 2 months
of lockdown, an additional 1400 tons of plastic was generated [24]. Estimated calculations
performed by Sazzadul Haque et al. [25] in Bangladesh have resulted in forecasts that the
combined production of disposable face masks and other personal protective equipment
is 3.4 billion units per month. This, in turn, translates into the production of 472.3 tons
of plastic waste. According to estimates provided by Benson et al. [26], in Africa alone,
assuming that people used at least one mask every day, it is estimated that the number of
masks produced and disposed of during the day per person is around 412 million. Thus,
more than 12 billion medical or textile masks are thrown away every month. Assuming
that the average mass of the mask is 8.58 g, this gives the probability that about 105 Mt of
masks per month only on the African continent may be discharged into the environment.
According to Aragaw et al. [27], each month, around 129 billion masks and 65 billion
disposable gloves are used and discarded worldwide.

The waste produced during the pandemic mainly consists of plastics such as polypropy-
lene (PP), polyethylene (PE), polyester (PEs), polycarbonate (PC), polyethylene terephtha-
late (PET), polyvinyl chloride (PVC), and high-density polyethylene (HDPE), in addition to
a small amount of paper, textiles, cotton, and natural rubber (Table 1) [28,29]. As can be
seen from the literature review (Table 1), plastic waste can be a valuable fuel due to its high
calorific value (38–46 MJ/kg).

Table 1. Proximate and ultimate analysis of plastic waste.

Plastic
Proximate Analysis

(wt% Dry Basis)
Elemental Analysis

(wt% Dry Basis)
LHV

(MJ/kg)
Source

Volatile Matter Ash C H N S O

HDPE 98.2 1.8 84.5 13.8 0.1 0.1 1.5 43.0

[30]
LDPE 99.8 0.0 86.8 12.9 0.1 - 0.2 43.6

PP 99.6 0.4 85.0 13.9 0.1 0.0 1.0 43.6
PS 99.8 0.1 90.5 7.9 0.4 0.2 1.0 38.8

PET 92.9 6.9 62.5 4.0 0.1 0.0 33.5 21.1
PET-12 - 4.9 77.1 12.6 0.2 - 5.2 -

[31]PET-28 - 12.1 67.2 9.7 0.1 - 10.9 -
PET 86.75 6.83 63.94 4.52 0.01 0.04 31.49 - [32]
PS 98.81 - 92.2 7.8 - - - 41.25

[33]PE 99.96 - 85.5 14.5 - - - -
HDPE 91.88 3.9 83.4 12.71 1.08 0.002 2.8 46.48

[34]PP 93.84 3.68 83.28 13.81 1.01 0.001 1.90 44.43
PS 94.33 0.84 89.2 8.78 0.01 0.00 2.01 40.34

“-” No data available.

Disposable face masks account for a significant share of the plastic waste stream
generated during the pandemic [35]. As reported by Benson et al., the global production
of disposable face masks is around 1.6 million tons/day, which means around 3.4 billion
are thrown away daily due to the COVID-19 pandemic [26]. Protective masks are made of
heterogeneous material, i.e., they consist mainly of several layers of PP and PE [36] (and
additionally, they are equipped with an elastic band for the ears and a stiffening wire on
the nose), which hinders their safe and quick recycling [37,38].

The most appropriate method of neutralising PPE should be material recycling, but
due to the difficulty of separating the individual layers from each other, it would be a very
time-consuming process [39]. Considering all the emerging difficulties that may arise in
the recycling of PPE, one of the most effective methods of their disposal is the thermal
transformation process [40–42]. Thus, effective waste management is a global concern
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that necessitates a reassessment of current technology and solutions. [43]. According to
the introduced regulations, among others in Poland, waste generated during a pandemic
and ending up in the mixed waste stream should be thermally neutralised by incineration,
pyrolysis, or gasification [44,45]. In addition, mobile installations using the method of
the thermal conversion of waste, i.e., pyrolysis, may occur to be an effective solution that
responds to the needs of the waste industry during the pandemic. Mobile installations
could be successfully utilised by entities collecting waste during the COVID-19 epidemic to
neutralise hazardous (infectious) waste directly at the place of its collection, thus minimising
the risk to public health and the environment. The above solution may also be used in the
case of municipal waste contaminated with a biological agent from quarantine facilities and
from places of isolation of patients at home. For the safe disposal of post-COVID-19 waste,
a novel and sustainable approach is needed. As indicated in the literature, one of the most
perspective methods of the thermal conversion of solid municipal waste, including plastic
waste is pyrolysis, which can be a promising route to sustainable waste management. It is
a thermochemical process carried out in the absence of oxygen in a pyrolysis reactor, in
which waste decomposes at a temperature of 400–900 ◦C. This method enables the effective
neutralisation of hazardous waste, but also leads to the formation of valuable solid (char)
and gaseous (high-calorific pyrolysis gas) products that can be used, thus reducing the total
cost of pyrolysis. The share and quality of individual products varies, depending, among
others, on the type of pyrolysis reactor, type of waste, temperature, and residence time in
the reactor [45].

The advantage of a pyrolysis installation compared with a waste incineration plant
is its greater flexibility in terms of the amount of processed waste. These installations are
economically justified also in the case of disposing of smaller amounts of waste than in
the case of incineration plants, which gives opportunities, for example, to small municipal
corporations operating, among others, in Polish conditions, for effective and profitable
solid waste management. The proposed disposal method is also characterised by lower
financial outlays and environmental fees, compared with incineration plants, as well as
lower emissions of pollutants, i.e., SO2 and NOx. Hence, pyrolysis is considered to be
a sustainable solution that may be economically profitable on a large scale and could
minimise environmental concerns [46]. According to available data, with the limited
number of possible solutions in this area, there is a great need for innovation enabling it
to meet the key challenges in the field of plastic waste management in the pandemic era
and to integrate new solutions in the field of thermal waste treatment technologies into the
existing waste management system.

Taking into account above mentioned facts, pyrolysis seems to be the most promising
thermal conversion method for such kind of waste into an environmentally inert, as well
as valuable product from the energy point of view. Furthermore, considering the latest
research results obtained by the authors of the article [47], in the case of RDF pyrolysis, it is
justified to develop pyrolysis technology with simultaneous management of the products
of this process.

Pyrolysis gas’s high calorific value (30 MJ/m3) encourages its use in both heating and
the iron and steel industry. The gas produced by RDF pyrolysis can be co-incinerated with
natural gas in industrial heating chambers, reducing the consumption of that fossil fuel.
Pyrolysis gas can also be a substitute for coke oven gas for heating furnaces. This gas could
be a viable alternative to conventional fuels, helping to reduce the role of waste storage
while also improving environmental protection. The liquid fraction, in turn, is a potential
source of valuable chemicals such as benzene and toluene. It can also be used as liquid fuel
with properties similar to fuel oil or diesel fuel. Moreover, the preliminary technological
tests carried out by the authors have shown the possibility of using the solid pyrolysis
product in the production of insulating building materials, which increases the economic
attractiveness of pyrolysis compared with other methods, e.g., combustion.
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Bearing in mind the above, the authors of this study undertook this study to assess
the impact of the COVID-19 pandemic on the waste management sector and to identify an
effective method of managing selected waste generated during the pandemic.

2. Materials and Methods

The subject of the research was non-medical, three-layer, biologically uncontaminated
disposable face masks presented in Figure 2, produced by Quanzhou Ruoxin Hygiene
Products Co. Ltd. Caicuo, Luoyang, Huian Country, Quanzhou City, Fujian Province,
China, manufactured according to the GB/T 32610-2016 standard, model NS-2020.

 

Figure 2. View of disposable protective mask used for studies.

As part of the research, both laboratory experiments and computer simulations were
carried out. The research scheme is shown in Figure 3.

 

Figure 3. Research scheme.

2.1. Experimental Procedures
2.1.1. Proximate Analysis

Proximate analysis, e.g., the total moisture and ash content, were determined in the
studied material. The total moisture content was determined by drying a sample in a
laboratory dryer to a constant weight at 105 ± 3 ◦C. The ash content of the samples was
determined by sample incineration. The investigated sample was put in a muffle furnace
and heated in an air atmosphere at 600 ± 10 ◦C. This temperature was maintained until the
sample reached a constant weight [48].
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2.1.2. Ultimate Analysis

The elementary Ct
a, Ht

a, Na, St
a, and Ot

a compositions in the examined material
(protective mask) were measured using a Vario MACRO Cube automatic elemental anal-
yser [49]. At 1150 ◦C, the material was put through an automated quantitative combustion
process in an oxygen stream. Then, the combusted gases were transferred to a reduction
tube (filled with copper) in which the sulphur and nitrogen oxides were reduced to SO2
and N2. The combustion gases were sent to a dynamic separation system after passing
through the reduction tube. The absorption columns were desorbed thermally in order
in the separation system. A thermal conductivity detector was used to identify gases
including N2, CO2, H2O, and SO2 (TCD). An NDIR detector was used to examine low SO2
concentrations [47].

The oxygen concentration was measured quantitatively using sample pyrolysis at
1120–1150 ◦C in an H2O-, CO2-, and O2-free reductive environment (95% N2 and 5% H2).
The sample was put in a pyrolysis tube containing elemental carbon, and carbon dioxide
was produced as a result of the interaction between the oxygen in the sample and the carbon
in the filler (Boudouard equilibrium). Granulated NaOH absorbed the acidic compounds
obtained during the pyrolysis process, such as H2S, HCN, and HCl, while a dehumidifier
absorbed the generated water. The other gases did not need to be separated because the
NDIR detector was only sensitive to CO. The inert pyrolysis products (N2 and CH4) might
be immediately transported into a carbon monoxide measuring device.

2.1.3. Chlorine Determination

The chlorine content in the studied sample was determined by a potentiometric
method [50]. The approach involves thoroughly burning a sample in an oxygen bomb
calorimeter with an Eschka mixture (MgO and Na2CO3, ratio 2:1). The generated chlorides
(combustion products) were extracted in nitric acid (V) and titrated for chloride ions with
0.1 mol/L AgNO3. The potentiometric titration method used a silver sulphide electrode
with a potential that was dependent on that of a reference electrode. The concentration of
chloride ions is measured by the potential difference between the electrodes.

3. Results and Discussion

The results of the above-mentioned studies are summarised in Table 2.

Table 2. Proximate and ultimate analysis of plastic waste of protective masks.

Material
Proximate Analysis

(wt% Dry Basis)
Elemental Analysis

(wt% Dry Basis)

Ash Moisture Voltaire Matter C H N S O Cl

Plastic waste of
protective mask 4.76 1.23 95.24 76.4 11.65 1.12 0.16 4.65 0.03

3.1. TGA Analysis

The tested material (protective mask) was homogenised and then pulverised with a
cryogenic mill for thermogravimetric analysis. A Luxz 409 PG thermogravimetric analyser
was used in conjunction with a Netzsch QMS 403D Aëolos mass spectrometer. The experi-
ments were conducted in an argon environment with a 25 mL/min flow rate. Measurement
began at a temperature of 40 ◦C. During the research, water jacket testing was used to
stabilise the equilibrium. The pyrolysis operations reached a maximum temperature of
700 ◦C. The sample was 5.0 0.1 mg in weight. The samples were put in 6 mm diameter
Al2O3 crucibles. The mass loss (TG) and maximum rate of mass loss (DTG) during the
reaction, as well as the beginning and final temperatures at each step of the pyrolysis
processes, could all be calculated using the data acquired (Figure S1 in Supplementary
Material). To illustrate the differences between the various materials, in Figure 3, in addi-
tion to the protective mask test sample, the results of thermogravimetric analysis for pure
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polypropylene and pure polyethylene terephthalate are shown, as well as three biomass
samples [49].

3.2. Computational Simulation

Calculations were made for the pyrolysis process carried out in a pilot continuous
pyrolysis reactor, described in detail in [47], using licensed Ansys CHEMKIN-PRO software.
Surgical masks with the elemental composition presented in Table 2, as well as PET and
PP, the elemental composition of which were taken from studies of [51] and [49] were
analysed. A detailed mechanism for the thermal conversion of solid fuels was implemented
for the calculations, based on the Arrhenius equation for the rate constant of a reaction [52],
developed by the CRECK Modeling Group, including 169 compounds and 4656 chemical
reactions [53]. The mechanism was based on the detailed mechanism of HCl and Cl2 high-
temperature chemistry reported in [54]. The chemical mechanism adopted for calculations
has been used many times by Ranzi [55,56], Faravelli [57], as well as by the authors of
this article to model the thermal conversion of fuels and waste [47,58,59]. The calculations
assume that pyrolysis occurs in a reactor with perfect reactant mixing, i.e., a perfectly
stirred reactor (PSR) [60]. A diagram of the performed calculations with the input data and
the conditions of the pyrolysis process is shown in Figure 4.

Figure 4. Scheme of calculation procedure.

As part of the computer simulations, the chemical composition of the gaseous pyrolysis
products of the above-mentioned waste was determined, on the basis of which the calorific
value of the pyrolysis gas was calculated. The following compounds were analysed in
detail: CO, CO2, H2, CH4, C3H8, C4H4, C6H6, C2H2, C2H4, C2H6, and C3H6. The obtained
results were compared with the experimental data obtained from RDF pyrolysis with a
high content of plastic waste (over 60%).

3.3. TGA Analysis

Thermogravimetric analysis (TGA) quickly shows the subsequent phases of the ther-
mal conversion process of the studied sample. The mass loss of the examined material
during heating is explained by this analysis. The TGA function’s second derivative, which
is mass change as a function of temperature (DTG), is used to determine the temperature at
which the decomposition rate (in the considered example) is highest. The type of studied
material is determined by the temperature and the shape of the DTG curve (e.g., one small
and sharp peak or a wide peak).

The outcomes of the obtained repetitions are comparable, as can be shown (Figure 5.).
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(a) 

(b) 

Figure 5. Comparison of repeated TG curves (a) and the TG and DTG curve (b).

As a result, further research may be conducted.
To optimise the number of gaseous products generated during the pyrolysis process,

thermogravimetric analysis was carried out at a final temperature of 700 ◦C for the TGA
analysis and 900 ◦C for the TGA-MS study. The face mask might degrade in four stages,
according to TGA data (Figure 4).

The temperature ranges for the four stages were 50–200 ◦C, 201–392 ◦C, 393–500 ◦C,
and 501–700 ◦C. The first stage represents minor degradation regions due to the occurrence
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of moisture evaporation (~2 wt%). The second stage indicates the sample’s first substantial
decomposition zone, with a mass loss of 16.11 wt% due to organic material degradation
below 392 ◦C, caused by the release of pyrogenetic water from the research material made
from polypropylene and a melt blown filter (PP). The third stage represents the second
major decomposition region of the investigated sample, with a mass loss of 72.55 wt%,
owing to the decomposition of organic materials below 455 ◦C, which corresponds to
polypropylene thermoplastic material [61]. The last decomposition stage represents minor
degradation regions due to char devolatilisation/decomposition (~2 wt%). The decomposi-
tion of the mineral portion present in the sample, magnesite (MgCO3), which is used as a
filler in polymer processing, is connected with the DTG peak detected at 677.6 ◦C in this
location. The DTG curve (Figure 6) shows that the components included in the material
from which the investigated face mask were made decompose into two main components
(two major degradation peaks), but both corresponded to PP pyrolysis products. During
the decomposition of the polypropylene portion at 403.8 ◦C, one of the most significant
emissions of gaseous chemicals from the examined sample is detected—pyrogenetic water
(m/z 18) and carbon dioxide (m/z 44). The gaseous fraction, rich in alkanes (CnH2n+1

+),
alkenes (CnH2n-1

+), is observed at a higher temperature of 455.3 ◦C during the pyrolysis
process. They correspond to the mass ions at m/z 43, 55, 56, 57, 69, and 70, respectively, for
C3H7

+, C4H7
+, C4H8

+, C4H9
+, C5H9

+, and C5H10
+. The mass ion m/z 53 corresponds to

C3H3N+, which may come from the degradation of a pigment added to the plastic material
of one side of the mask. The results from mass spectrometry are shown in Figures 6 and 7.

Figure 6. TG-DTG curves with curves of MS ion currents of volatile fraction (m/z 18, 43, 55, 56).

41



Energies 2022, 15, 2629

Figure 7. TG-DTG curves with curves of MS ion currents of volatile fraction (m/z 44, 53, 57, 69, 70).

3.4. Results of Computational Simulation

As part of the computer simulations, the effect of temperature was investigated on
the proportion of primary pyrolysis gaseous products determining the calorific value of
the pyrolysis gas—namely, CO, H2, CH4, C3H8, C4H4, C6H6, C2H2, C2H4, C2H6, and C3H6
(Figure 8).

The calculations show that the concentration of all the analysed compounds strongly
depends on the process temperature. The largest share is observed for CO (up to 65%) in
the entire temperature range but only for polyethylene terephthalate (PET). On the other
hand, for PP and protective masks, a high proportion of hydrogen, even 50%, is visible,
but only in the lower temperature range, i.e., from 400 ◦C to 500 ◦C. At the temperature of
700 ◦C, there is a clear decrease in the H2 concentration to 15% for the masks and 22% for
PP. At the same time, an increase in the hydrogen content from PET pyrolysis is observed;
however, it does not exceed 5%. The opposite situation is observed for CH4, the share of
which increases with the rise in the process temperature, reaching a concentration of approx.
35% for both masks and PP at 700 ◦C, with a simultaneous low concentration (less than 5%)
for PET. Noteworthy is the high proportion of C6H6 benzene in the pyrolysis gas for all the
analysed wastes, at the level of approx. 20% for PP and masks and 17% for PET. From the
energy point of view, the significant content of C2H4 is also significant, which grows with
the temperature to approx. 9% at 800 ◦C for the masks and PP, and C6H6, reaching even 7%
at the temperature of 650 ◦C for polypropylene. For the remaining compounds—namely,
C3H8, C4H4, and C2H2 (except for PET), with increasing temperature, a sharp decrease in
the concentration is observed for all the waste, and it does not exceed a 5% share in the
pyrolysis gas.

The results of the model were compared with those of experimental research for RDF
pyrolysis at 900 ◦C, presented in [47] (Figure 9).
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Figure 8. Cont.
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(g) (h) 

  
(i) (j) 

Figure 8. Influence of temperature on formation of (a) CO, (b) H2, (c) CH4, (d) C6H6, (e) C2H4, (f)
C2H6, (g) C3H8, (h) C2H2, (i) C3H6, (j) C4H4.

Comparing the results obtained by modelling with the results from the experiment, the
potential resulting from the pyrolysis of plastic waste, in particular polypropylene, the main
component of protective masks, is visible. The high proportion of flammable compounds
such as H2, CH4, and C6H6 translates into the high calorific value of the pyrolysis gas,
amounting to 49.73 MJ/m3 for PP pyrolysis gas, and 47.74% for mask pyrolysis (Figure 10).
It should be mentioned that the presence of heavy organic molecules and their derivatives in
the wet pyrolysis gas, which can account for up to 30% of the gas volume, has a substantial
impact on the high calorific value. As a result of the condensation of these chemicals,
pyrolysis oil is produced. According to preliminary research undertaken by the article’s
authors, direct management of wet pyrolysis gas (i.e., a mixture of pyrolysis gas and
gaseous oil) in high-temperature heating chambers with temperatures exceeding 1300 ◦C is
possible. The disposal of the problematic liquid portion, i.e., pyrolysis oil, is favoured at
such a high temperature, resulting in considerable economic gains. The proposed method
is described in great detail in [62].
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Figure 9. Comparison of selected gaseous pyrolysis products.

 

Figure 10. Calorific value of gas from pyrolysis of selected waste.

4. Conclusions

The following conclusions and statements were formulated based on the conducted
research and the obtained results:
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1. The pyrolysis of plastic waste generated during the COVID-19 pandemic is an effective
and environmentally safe solution with great application potential.

2. Thermal conversion of waste by pyrolysis is characterized by a high yield of high-
calorific pyrolysis gas. This gas can potentially be used as a substitute for natural gas
for energy production.

3. It is possible to forecast the chemical composition of gaseous pyrolysis products of
plastic waste and on this basis to estimate the calorific value of the pyrolysis gas
produced in the process.

4. The pyrolysis of polypropylene, the main component of protective masks, allows one
to obtain high-calorific pyrolysis gas (47.7 MJ/m3), the main components of which
are H2, CH4, and C6H6.

5. The results of the conducted research and computer simulations show the enormous
energy value of plastic waste, especially those generated during the COVID-19 pan-
demic. Increasing the share of the above-mentioned waste in the municipal waste
stream from which the so-called overflow and RDF fraction will increase the calorific
value of the pyrolysis gas.

6. Effective disposal of the new category of waste is both a technological- and material-
related challenge. Solving this challenge and creating technological techniques and
know-how will enable the safe treatment of municipal waste in the COVID-19 era,
and will also point the way to effective thermal conversion products management.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/en15072629/s1. Figure S1 clarified the data of mass loss (TG) and
maximum rate of mass loss (DTG) during the reaction, as well as the beginning and final temperatures
at each step of the pyrolysis processes.
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Abstract: Thermochemical conversion of biomass waste is a high potential option for increasing
usage of renewable energy sources and transferring wastes into the circular economy. This work
focuses on the evaluation of the energetic and adsorption properties of solid residue (char) of the
gasification process. Gasification experiments of biomass wastes (wheat straw, hay and pine sawdust)
were carried out in a vertical fixed bed reactor, under a CO2 atmosphere and at various temperatures
(800, 900 and 1000 ◦C). The analysis of the energy properties of the obtained chars included elemental
and thermogravimetric (TGA) analysis. TGA results indicated that the chars have properties similar
to those of coal; subjected data were used to calculate key combustion parameters. As part of the
analysis of adsorption properties, BET, SEM, FTIR and dynamic methanol vapor sorption tests were
conducted. The specific surface area has risen from 0.42–1.91 m2/g (biomass) to 419–891 m2/g (char).
FTIR spectroscopy confirmed the influence of gasification on the decomposition of characteristic
chemical compounds for biomass. Methanol sorption has revealed for the 900 ◦C chars of pine
sawdust the highest sorption capacity and its mass change was 24.15% at P/P0 = 90%. Selected chars
might be an appropriate material for volatile organic compounds sorption.

Keywords: CO2-gasification; biomass wastes; char adsorption; active carbon; BET specific surface area

1. Introduction

Modern challenges are related to the limited amount of fossil fuels, greenhouse gas
emissions directly related to the consumption of fossil fuels in various forms [1], as well as
the improvement of waste management policies towards the circular economy [2]. For this
reason, it is necessary to take quick, decisive and wise steps to use renewable energy (RE)
sources, such as biomass, to generate clean energy, as well as improve waste management
by using different types of waste, such as RE, and minimizing the waste resulting from
their production. Biomass as a renewable energy source has enormous potential. It
can be converted by thermochemical processes such as pyrolysis [3,4], hydrothermal
carbonization [5,6] or gasification [7], which allows the production of clean energy resources.
This study is focused on the gasification process, where the main product is the synthesis
gas (syngas) [8,9]. The applied process temperature depends on the material to be gasified
and the targeted gas composition. Gasification can be carried out in a temperature range of
600 to 1600 ◦C in the case of municipal solid waste (MSW) [10,11], in the case of biomass the
process temperature range is lower and its ranges vary from 400 to 1100 ◦C [12,13]. Some
of the most commonly used gasifying agents are steam, carbon dioxide and air [14]. This
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process leads to the formation of gaseous (syngas), liquid (tar) and solid (char) products
at lower/moderate gasification temperatures. However, any remaining solids from this
process are normally treated as waste [15], leading to a decrease in process efficiency and
an increase in waste production. Current studies indicate that gasification chars have a
huge potential, both energetic and adsorptive, as a precursor to the formation of activated
carbon (AC) [15,16].

AC is characterized by a high surface area, which indicates its great adsorption capacity.
Generally, the production and regeneration costs of AC are high, and because of that it is
important to find a cheaper way to produce this key solid carrier [17]. The key properties of
AC are the small ash content, the ability to maintain physiological characteristics, hardness,
and a high carbon content [18]. Figure 1 presents the main steps of AC synthesis; they
include preliminary, carbonization, and activation steps. Within the preliminary step,
removal of impurities from raw material is provided by washing, then it is dried to remove
moisture [19], to obtain similar particle sizes, the raw material is milled and sieved [20],
and in the last stage of this step it might be deashed for demineralization by acidic or
basic solutions [21]. Volatile matter is removed from raw material during the carbonization
step, leading to an increase in carbon concentration in the material produced [22]. After
the second stage, a porous structure is formed; it can be developed through physical and
chemical activation [17].

Figure 1. Pathway of activated carbon formation.

The production of activated carbon via physical activation depends on the type of
material, the high temperature, the atmosphere with oxidizing gases such as steam, CO2 or
air, and leads to the production of expanded pores structure through the carbon-consuming
Reactions (1)–(3) [17]:

C + O2 → CO2 (1)

C + CO2 → 2CO (2)

C + H2O → CO2 + 2H2 (3)

Activated carbon produced by chemical activation includes biomass impregnation via
a dehydrating chemical agent, like phosphoric acid, sulphuric acid or zinc chloride in an
inert atmosphere by heat treatment. This leads to the production of activated carbon with a
large pore structure, which is a desired phenomenon [20].

In a number of studies, the similarities between gasification chars and activated car-
bon are indicated: Benedetti et al. [15] have pointed out an analogy of gasification char
properties to activated carbon (AC) and reviewed its successful applications in the field
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of adsorption. They used a few chars obtained from gasification plants in the process of
conversion of wood chips and pellets after gasification under air at various temperatures
(650–900 ◦C). The main conclusion of this study was that chars are very similar to AC,
however, a detailed analysis of each sample is necessary to choose the most suitable applica-
tion. Benedetti et al. [23] have focused on the gasification char CO2 adsorption/desorption
capacity. The final results indicated that chars obtained from gasification plants offer signif-
icant potential in carbon capture storage (CCS) technology. The ability of gasification chars
to remove cationic, crystal violet, and anionic congo red chars obtained from industrial
gasification of municipal solid waste (MSW) was investigated by Jung et al. [24]. This study
indicates that these types of chars have high potential for applications of adsorption in
wastewater treatment. AC obtained from gasification chars has the ability to remove H2S
(hydrogen sulphide). This is a common pollutant in biogas produced during anaerobic
digestion and syngas obtained from gasification. This capability of gasification chars was
studied in other work [25].

The gasification process is an effective waste conversion method. It leads to the produc-
tion of valuable syngas and solid residues. Syngas analysis has been widely investigated
in other works [14,26]. In the presented study, the main focus was on the analysis of solid
residue, which is considered as a waste. The two main aims of this study were proposed.
First, the energetic properties of the chars obtained from the gasification process were
investigated. Second, as other studies conducted, each char mimics activated carbon prop-
erties, and individual analysis is required to choose the most adequate application in the
adsorption area. Therefore, in this study, the chars formed during the gasification process
of waste biomass were examined in terms of methanol adsorption. Methanol is one of the
typical volatile organic compounds (VOCs), leading to serious health issues [27]. Another
possible utilization of the produced solid residue is in a working pair with methanol in
heat-driven sorption cooling devices.

2. Materials and Methods

2.1. Materials

In this study, two types of biomass wastes were selected (agriculture: wheat straw
(ABW) and hay (ABH); wood: pine sawdust (WBP)). The materials used in the experiments
were dried first and after that independently ground by a knife mill to achieve a similar
particle size.

2.2. Test Rig and Experimental Procedure

Gasification experiments were conducted under CO2 atmosphere at three temperatures
of 800, 900, and 1000 ◦C. During the process, formed syngas was collected and analysed.
This paper is focused on solid residue and its properties, and because of that, syngas
analysis was omitted. The test rig overview scheme is presented in Figure 2. The gasifier
consists of a fixed-bed vertical quartz reactor heated by a furnace to the target temperature.
The maximum furnace power was 1.8 kW and was equipped with a (NiCr-NiAl) type
thermocouple, which allowed the process temperature to be controlled in real time. The
process atmosphere was injected from an external cylinder with a high purity of CO2, while
the flow of the gasification agent was controlled by a rotameter.

The experimental procedure included the following steps: weighing the sample,
weighing the quartz wool, placing the quartz wool and the sample in the reactor, assembling
the reactor in the oven, providing the gasification process, cooling the oven, disassembling
the reactor and weighing obtained chars. The input weight of the sample was constantly 8
g. Quartz wool was placed at the bottom of the sample to prevent the sample from falling to
the bottom of the reactor and to ensure that it was located in the centre of the oven heating
zone. Prior the gasification process, the reactor was flushed with pure CO2 at ambient
temperature, with a flow rate of 80 mL/min, for 15 min, to remove all air. Next, the sample
was heated for 15 min, and once the set temperature was achieved the gasification process
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was carried out for the next 15 min. Once the gasification process was finished, the reactor
with the formed char was cooled to ambient temperature in a CO2 atmosphere.

Figure 2. Scheme of the test rig: 1—fixed-bed vertical reactor, 2—temperature controller, 3—gas
cylinder, 4—rotameter.

2.3. Analysis of Raw Materials and Chars

To determine raw material properties, proximate and elemental analyses of all samples
were performed. Moisture (M), ash (A), and volatile matter (VM) content were established
according to the following European standards: PN-EN ISO 18134-1:2015-11, PN-EN ISO
18122:2016-01, and PN-EN ISO 18123:2016-01, respectively. The elemental composition was
investigated using a Truspec CHNS 628 Leco analyzer determining the contents of carbon
(C), hydrogen (H) and nitrogen (N). The same analyzer was used to establish the elemental
composition of the obtained chars. This apparatus has a standard deviation for carbon and
nitrogen at a level of ±0.5% and for hydrogen at a level of ±1.0%. This device uses the
Dumas method to establish the concentration of the elements mentioned above. It involves
the combustion of the sample in pure oxygen at a temperature of 950 ◦C.

To indicate more valuable data on the energetic properties of materials, the higher
heating value (HHV) in MJ/kg, was calculated based on the following equation [28]:

HHV = 5.22C2 − 319C − 1647H + 38.6C·H + 133N + 21028 (4)

2.4. Thermogravimetric Analysis

A Mettler Toledo TGA/DSC 1 Star System thermogravimetric analyzer (TGA) was
used to study the combustion process of the raw materials and the obtained chars. The
analyses took place in air atmosphere and started from the ambient temperature up to
800 ◦C with a heating rate of 10 K/min. The mass sample was around 5 mg and placed in
the platinum crucible.
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2.5. Specific Surface Analysis (BET)

The Brunauer–Emmett–Teller (BET) method was used to determine specific surface
areas in the raw biomass and the chars obtained. A nitrogen adsorption analyzer ASAP
2010 system (Micromeritics, Norcross, GA, USA) was used. Before analyses, all samples
were pretreated with degasses to eliminate faults caused by other gases during the analysis.
The studied samples were degassed for 24 h at a temperature of 200 ◦C in a case of raw
biomass and at a temperature of 250 ◦C in a case of chars.

2.6. Fourier-Transformed Infrared Spectroscopy (FTIR)

The surface functional groups of the studied samples were found by Fourier-transformed
infrared spectroscopy (FTIR). This apparatus analyzes the chemical groups of the biomass/char
based on the characteristic vibrations of the chemical functional groups. The Bruker Alpha
II system was applied in the range of collected spectra from 400 to 4000 cm−1.

2.7. Scanning Electron Microscopy (SEM)

For the investigation of raw materials and chars obtained at a gasification temperature
of 1000 ◦C, the morphology and surface topography were analyzed using a Nova NanoSEM
450 scanning electron microscopy (SEM). Analysis was carried out under high vacuum
with a secondary electron detector with a voltage of 10 kV. In these analyses, chosen chars
obtained at the highest process temperature are used to compare the modification of the
raw material subjected to gasification.

2.8. Dynamic Methanol Vapor Sorption Tests

The Dynamic Gravimetric Vapor Sorption System DVS Vacuum was used for the
investigation of the methanol adsorption properties of the studied samples. Methanol
was selected as it is a nonhazardous and very common adsorbate used in sorption cooling
devices in a working pair with activated carbon [27,29–31]. The mass of the sample
was measured with high sensitivity (0.1 μg) by the apparatus during the adsorption and
desorption processes. The stability of the temperature was equal to ±0.02 K, at 25 ◦C,
where the humidity condition, with respect to the target value, was generated in the range
of ±0.1% [32,33]. The DVS Vacuum allowed performing experiments of static and dynamic
sorption with measurements of isotherms and isobars of adsorption–desorption over a
wide range of temperatures.

In the presented study, methanol was used as an adsorbate. About 20 mg of produced
char obtained at 900 ◦C was placed in a crucible and dried at 100 ◦C for approximately
60 min to achieve sample degassing. After a 60 min stabilization stage at given process
temperature, a series of 18 experimental stages started. Each stage lasted 20 min and had
a different setting of a relative pressure P/P0, starting from 10% to 90%. Based on the
obtained results, adsorption and desorption isotherms were calculated. The methanol flow
rate was set constant and equal to 15 sccm (standard cubic centimeters per minute). The
experiment was carried out at adsorption temperature of 30 ◦C, and assumed desorption
temperature of 60 ◦C [33].

3. Results and Discussion

3.1. Char as a Material with Energy Potential
3.1.1. Characterization of Raw Biomass and Chars

The main results of the elemental and proximate analysis of raw biomasses are pre-
sented in Table 1. The carbon content of the studied biomasses obtained the lowest value
for ABH (39.6%) and the highest value for wood biomass WBP (48.6%). Its concentration
after the gasification process increased significantly. The greatest change was observed
for the ABH sample, which reached 92.1% for the char obtained at temperature 1000 ◦C.
For other char samples, an increase in the process temperature results in a decrease in
the C content from 76.8% to 71.7% for ABW and from 60.7% to 53.1% for WBP. Nitrogen
content did not exceed 2%. In the case of hydrogen, a decrease in its content was noted
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when comparing raw material with chars; this is related to the release of hydrocarbons
that form syngas during gasification. When analyzing the results for the chars, the highest
decrease occurred at a temperature of 1000 ◦C and it was 0.9% for ABW_1000 and 0.8% for
ABH_1000 and WBP_1000.

Table 1. Raw biomass characterization.

Raw Biomass

ABW ABH WBP

Proximate Analysis (%)

VM 74.06 59.94 79.89
A 3.86 21.83 0.19
M 4.99 7.71 6.76
FC 17.08 10.52 13.16

Elemental Analysis (%) *

C 44.65 39.59 48.56
H 6.47 5.76 6.57
N 0.68 1.16 0.07

O ** 39.35 23.95 37.86
* moisture and ash-free. ** calculated by difference.

The results of the elemental analysis were used to calculate the hydrogen (H/C ratio)
and oxygen (O/C ratio) indexes in the studied samples (Figure 3). Biomass is characterized
by a high content of oxygen compared to coal, which influences its heating value. It is
related to the fact that the strength of carbon–hydrogen and carbon–oxygen bonds is lower
than that of carbon-carbon bonds [34]. The ratio of H/C and O/C in raw biomass was
averaged at 1.7 and 0.7, respectively, indicating that the raw material has a low aromaticity
and a high aliphatic content [35]. The results for the hydrogen and oxygen indexes of the
chars decreased significantly, which indicates that it is more similar to the coal, where the
H/C of the coal is in the range of 0.4–1 and the O/C is up to 0.2 [35]. Based on the results
presented in Figure 3, it can be observed that the H/C and O/C values for the chars did
not exceed the value of 0.2.
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Figure 3. Hydrogen (H/C ratio) and oxygen (O/C ratio) indexes of the studied samples.
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The influence of gasification temperature on char HHV and raw biomass HHV, as
a reference, is presented in Table 2. Raw materials obtained HHV at a level of 17.8, 16
and 19.4 MJ/kg for ABW, ABH and WBP, respectively. For comparison, this value in
other studies was 16.6 MJ/kg for mixed sawdust reported in [36], 19.9 MJ/kg for pine
sawdust and 19.1 MJ/kg for chestnut sawdust reported in [37]. The HHV of millet husk
char obtained from gasification was 22.9 MJ/kg [38]. In this study, a significant increase in
HHV was observed for chars, especially for ABW and ABH samples. With an increase in
the process temperature, there was a slight decrease in the HHV as a result of the higher
release of carbon content towards syngas production. Additionally, the value of HHV for
other carbonized materials and various types of carbon reported in [39] was 31.8 MJ/kg for
anthracite coal, 18.5 MJ/kg for briquette, 35 MJ/kg for coal, 31.3 MJ/kg for lignite char and
34.4 MJ/kg for charcoal. When the results presented in other studies and the data obtained
are analyzed, it can be concluded that chars have values similar to coal. The best results
were obtained for the chars produced at a temperature of 800 ◦C.

Table 2. Higher heating value of studied samples.

Sample HHV, MJ/kg

ABW 17.78
ABW_900 27.77

ABW_1000 26.25

ABH 16.05
ABH_800 38.12
ABH_900 37.46

ABH_1000 37.47

WBP 19.35
WBP_800 21.52
WBP_900 19.80
WBP_1000 19.33

Table 3 presents the yield of the char formation during gasification. An increase in
process temperature leads to a decrease in the amount of solid residue. The highest values
were obtained for the ABH sample, which contains the highest ash content (21.8%), where
the WBP yield was the lowest, which corresponds to the lowest ash content (0.2%). In the
case of ABH, the char yield decreased from 25.7% for 800 ◦C to 21.8% for 1000 ◦C. For WBP
samples, for the same parameters, the char yields decreased from 15.3% to 13.1%. This
phenomenon is related to an increase in char consumption during the Boudouard reaction
due to the shift of the chemical equilibrium toward CO at higher temperatures [40].

Table 3. The yield of char formation during gasification.

Sample Char Yield, %

ABW_800 21.0
ABW_900 17.4

ABW_1000 14.9

ABH_800 25.7
ABH_900 22.6

ABH_1000 21.8

WBP_800 15.3
WBP_900 13.2
WBP_1000 13.1

3.1.2. Thermogravimetric Analysis of Combustion Properties of Raw Biomasses and Chars

The comparison of the mass loss (TG curves) and the differential mass loss (DTG
curves) of raw biomass and its chars during the combustion process is presented in Figure 4.
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During the analysis, the combustion reaction occurred in different temperature zones for
raw biomass samples than for chars obtained from it. There can be distinguished two stages
of combustion in the case of raw biomass [41]: the first stage is related to the combustion of
volatile matter and appeared in temperature zones of 160–330 ◦C for ABW, 135–330 ◦C for
ABH and 160–360 ◦C for WBP, which can be observed based on DTG curves. The second
stage appeared in temperature ranges 330–457 ◦C, 330–484 ◦C, 260–490 ◦C for ABW, ABH
and WBP, respectively. The fact that the combustion process of the chars is missing the
first stage is related to the fact that volatile matter was released during gasification. Its
second stage appeared in approximate temperature ranges of 244–494 ◦C, 255–486 ◦C and
340–620 ◦C for ABW, ABH and WBP, correspondingly. When comparing the second stages
of combustion of raw materials and chars, we can see a higher intensity at DTG peaks in
this area for chars than for raw biomass. It is related to the fact that char contains a higher
content of carbon, resulting in high-intensity combustion of carbon compounds at this stage.
During combustion of raw material, volatiles start to evolve at a lower temperature and
then burn in an area of higher temperature by reaching ignition temperature. Generated
heat during volatile combustion influences the start of the combustion process of fixed
carbon [42,43]. As the volatile matter was removed from the chars, it can be observed that
only one peak is detected at the DTG curve, where the mass loss at the TG curve is moved
to higher temperature areas.

On the basis of the TG and DTG results, the characteristic parameters like ignition
temperature (Ti, ◦C), burnout temperature (Tb, ◦C), maximum mass loss rate ((dW/dT)max,
wt. %/min), average mass loss rate ((dW/dT)av, wt. %/min) the temperature of the highest
peak of DTG (TDTG, ◦C), time corresponding to the parameters mentioned above, such as
the ignition time (ti, min), burnout time (tb, min), time range = 0.5 (Δt1/2, min) and the
maximum peak time (tp, min) were obtained and used in the calculation of key combustion
parameters for all studied samples [44,45].

As described earlier, based on the characteristic parameters of the TG and DTG
curves, the parameters were obtained based on the ‘Intersection method’ described in
refs. [46,47]. The data was used to determine the key combustion parameters according to
the following equations:

Di =
(dW/dT)max

tp·ti
(5)

Df =
(dW/dT)max

Δt1/2·tp·tb
(6)

S =
(dW/dT)max·(dW/dT)av

T2
i ·Tb

(7)

Hf = TDTG ln (
Δt1/2

(dW/dT)av
) (8)

The group of key parameters includes the following indexes: ignition (Di), burnout
(Df), comprehensive combustion characteristic (S), rate and intensity of combustion pro-
cesses (Hf), which are described by the corresponding Equations (5)–(8) and its calculated
values are presented in Table 4.

The ignition index Di describes the ability to release volatile compounds from fuel,
which also determines the stability of combustion [44,48]. With an increase in its value, this
ability increases with increasing stability of combustion. Burnout performance, combustion
intensity and reactivity are described by comprehensive combustion index S, where greater
values characterise better combustion behaviour [48]. The rate and intensity of combustion
is described by the Hf index, which additionally reflects the stability of the flame after
ignition. A decrease in its value indicates a better combustion characteristic [49].
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Figure 4. TG and DTG curves of (a) ABW, (b) ABH and (c) WBP.
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Table 4. Key combustion parameters.

Sample
Tig,
◦C

Tb,
◦C

Di,
wt. %/min3

Df,
wt. %/min4

S,
min−2 ◦C−3

Hf,◦C

ABW 233.1 398.2 5.82 × 10−3 1.55 × 10−4 3.27 × 10−7 966
ABH 222.6 417.7 4.84 × 10−3 9.00 × 10−5 2.48 × 10−7 959
WBP 262.4 452.3 8.03 × 10−3 1.33 × 10−4 3.94 × 10−7 1126

ABW_800 354.1 415.7 3.40 × 10−3 6.29 × 10−5 1.38 × 10−7 1657
ABW_900 345.6 411.8 2.87 × 10−3 5.37 × 10−5 1.17 × 10−7 1640

ABW_1000 339.8 397.1 3.20 × 10−3 6.17 × 10−5 1.24 × 10−7 1606

ABH_800 335.7 397.7 2.23 × 10−3 4.35 × 10−5 0.79 × 10−7 1644
ABH_900 338.6 378.5 3.03 × 10−3 6.09 × 10−5 1.10 × 10−7 1559

ABH_1000 352.5 385.5 3.78 × 10−3 7.48 × 10−5 1.14 × 10−7 1652

WBP_800 420.9 498.4 3.59 × 10−3 5.57 × 10−5 1.32 × 10−7 2001
WBP_900 450.6 525.0 3.46 × 10−3 5.13 × 10−5 1.18 × 10−7 2135

WBP_1000 486.9 529.1 3.01 × 10−3 4.65 × 10−5 0.93 × 10−7 2161

The ignition process is reflected in the Ti parameter and the Di index. This stage of
combustion is boosted by the large amount of volatile matter in the sample, and results in a
tendency to burn quickly [50]. As the VM are removed from the chars after gasification, it
is expected that the ignition temperature increases for carbonized samples in comparison
to the raw biomass. The range of Ti for raw biomass is 222–262 ◦C, while for chars it
is 335–486 ◦C [51]. This trend indicates that char samples have lower reactivity, which
is characteristic for coal [52]. The relationship between VM concentration and ignition
performance is noticeable through results of Di, where the value of this index is the highest
for WBP (8.03 × 10−3), which consists of almost 80% VM in raw form. Another factor
affecting ignition temperature is the ash content, which decreases its values with increasing
content. The concentration of ABH ash is 21.8%, where its Ti is the lowest of all the samples
analysed (222.6 ◦C).

The burnout process is characterized by the Df index, which is influenced not only
by the temperature of Tb but also by the temperature of Ti. The lower the Tb temperature,
the faster the burnout process is as the reduction of unburnt compounds is completed. A
higher burnout temperature indicates that the process must be extended, which requires a
higher temperature and a longer residence time [52]. This phenomenon is apparent when
we analyse the Tb and Df values for raw biomass and chars. In case of samples ABW and
WBP, burnout temperature for its chars increased because of the difficulties in burning
the carbonized samples, and the parallel burnout index value also increased. We observe
an inverse relationship for the ABH sample, which contains the highest concentration of
ash among all studied samples, which shortens the combustion process due to the lower
content of combustible parts in the material. The better combustion process was determined
by the S index; the increase in the value indicates rapid combustion with the release of a
large amount of heat in a short range of time, which is characteristic for biomass. In the
case of coal, this parameter is lower. The highest decrease in the S index is reported for the
WBP sample where in raw form S is equal to 3.94 × 10−7 min−2 ◦C−3, where in the case
of WBP_1000 it is 0.93 × 10−7 min−2 ◦C−3. Lastly, the Hf index shows an upward trend
for chars. The range of the Hf index of raw biomass is 959–1126 ◦C, where for chars it is
1559–2161 ◦C. Mureddu et al. [52] have evaluated the combustion performance of different
kinds of coals and biomasses. On the basis of these results, we can conclude that after the
gasification process, the samples of chars are close to the combustible properties of coal.

3.2. Adsorption Properties of Chars
3.2.1. Surface Area (BET)

The surface area of the chars compared to the raw biomass samples measured by
N2 adsorption is shown in Table 5. Additionally, Table 5 indicates a literature review
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of BET surface area (SBET) of activated chars of different biomass samples via physical
activation under different atmospheres and two commercial activated carbons. In the case
of the studied raw biomass, SBET has been reported as small values, where chars have
exhibited a significant increase. The surface area varies from 469.6 to 891.5 m2/g, from
256 to 419 m2/g and from 520.9 to 764.8 m2/g for chars obtained from ABW, ABH and
WBP, respectively. These data indicate that ABH chars showed the lowest SBET due to
the highest mineral matter content (21.8%) [15]. The largest surface area was obtained
for ABW chars. The increase of process temperature from 800 ◦C to 900 ◦C results in a
higher surface area. This phenomenon is determined by the release of volatile matter
contained in raw biomass. In the case of results for temperatures of 900 and 1000 ◦C, a
decrease of SBET for agriculture biomass was observed; for wood biomass the increase was
not significant. Extensive heating of the samples provided for breaking and cracking of
the pore structure [20] resulting in a reduction of the SBET value from 891 to 624 m2/g for
ABW and from 419 to 296 m2/g for ABH, in the case where the WBP value increases only
16 m2/g. For comparison, the value of the surface area of the BET of biomass solid residue
in the literature ranges from 167 to 1355 m2/g, whereas the activated carbon BET ranges
from 984 to 1002 m2/g.

Table 5. BET analysis of raw biomass and chars.

Experiment Literature Review

Sample Name
SBET Surface
Area, m2/g

Raw Sample
Name

Gasification
Conditions

BET
Surface Area,

m2/g
Ref.

ABW 1.91 Chars

ABH 1.25 Corn straw 99.9% CO2,
800 ◦C

444 [53]

WBP 0.42 Poplar 90% CO2,
1150 ◦C 586 [54]

ABW_800 469.6 Corn stover 50% CO2,
1150 ◦C

333 [54]

ABW_900 891.5 Walnut shells 99.9% CO2,
900 ◦C 765 [55]

ABW_1000 623.5 Pelletized pine
sawdust

O2/steam,
800 ◦C 235–268 [56]

ABH_800 256.0 Pinewood Steam, 800, 850
and 900 ◦C

364–889 [57]

ABH_900 419.1
Olive stone 99.9% CO2,

800 ◦C 1355 [58]ABH_1000 269.2
WBP_800 520.9 Activated carbon
WBP_900 748.9 Activated carbon 984 [23]

WBP_1000 764.8 Activated carbon 1002 [23]

3.2.2. Morphology of Raw Biomass and Chars

The surface morphology and structure of the studied samples is presented in Figure 5.
In this analysis, the raw samples were chosen as a reference and the chars obtained at a
temperature of 1000 ◦C were selected, due to the fact that the chars obtained at this temperature
represent various surface areas according to the BET analysis. In the case of raw agricultural
biomasses, the sample structure is more homogenous and fibrous, closed without noticeable
pores. After physical activation by CO2-gasification, the surface revealed an expanded and
heterogeneous structure reached with a combination of micropores and mesopores. The
ABW_1000 sample consists of sponge construction with irregular shapes and sizes, the surface
area for these samples was 623 m2/g, which indicates that it is still a high value. In case of
ABH_1000, SBET obtained the lowest value (269 m2/g), its morphology is characterized by
small holes as well as irregular shapes. Sample WBP_1000 enriched its structure in ordered
and regular pores shape and sizes. The surface area of this sample obtained the highest value
under 1000 ◦C. All char samples indicated similarities with the shapes to the parent materials.
The release of volatile matter during gasification did not involve damage to the structure of
the char particles due to the natural porosity of the biomass [59]. On the other hand, rapid
release of volatile compounds at high temperature leads to the softening of the solid matrix or
a coverage of the pores by fractional melt formation [60], which then causes clogging of the
pores. High-temperature releases additional volatiles, which cannot be exhausted because of
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closed pores. Overpressure is generated in the samples, resulting in the formation of bubbles,
cracks and finally fragmentation [61]. Kamble et al. reported similar behavior of biomass char
structure in [62].

  

  

  

Figure 5. SEM images of the raw biomasses (ABW, ABH, and WBP) and their chars (ABW_1000,
ABH_1000, and WBP_1000).
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3.2.3. Surface Functional Groups

The FTIR spectra for raw biomass and chars obtained at 900 ◦C are presented in
Figure 6. The results indicate a difference in the FTIR spectrum, where the main peaks
appearing in the raw sample after the gasification process did not occur in the char analysis.
This phenomenon is related to the decomposition of chemical compounds caused by
gasification, and it can be seen by flattening out in the transmittance bands. The first main
peak in raw material occurred between 3200 and 3600 cm−1, which corresponded to the
hydrogen-bonded O-H stretch, where spectra from approximately 2920 and 2850 cm−1

indicated the symmetric/asymmetric stretch of methylene CH. The alkenyl stretch C=C
was recognized with a wavenumber of approximately 1640 cm−1 [24]. Cellulose bonds
C=O appeared at 1030 cm−1; in the case of char ABH_900, we can see that this bond was not
completely decomposed. According to the study by Sun et al. [63], samples with functional
groups counting oxygen indicated high reactivity for graphene oxide adsorption. The
thermal degradation of the chars and the reduction of the peaks compared to the raw
materials indicate that an aromatic structure was formed during gasification [64,65].

  

 

(a) (b) 

(c) 

Figure 6. FTIR spectrum of (a) ABW, (b) ABH and (c) WBP.

3.2.4. Dynamic Methanol Vapor Sorption Tests

Methanol adsorption was analyzed to define potential utilization of produced solid
residue as VOCs adsorbent or adsorbent in working pair in methanol in sorption cool-
ing devices. The methanol intake was tested in an adsorption temperature 30 ◦C, and
desorption temperature 60 ◦C, and the sorption isotherms are visualized in Figures 7–9.

The solid residues of ABW_900 in Figure 7 and WBP_900 in Figure 9 were characterized
by an adsorption isotherm of type II, and a very small hysteresis of adsorption was observed,
which confirms the microporous structure of the analyzed materials. However, a slight
H4 type hysteresis might suggest the presence of split pores in the samples. Non-uniform
tendency and weakest sorption capacity were observed for sample ABH_900 in Figure 8,
which was also characterized by the lowest specific surface area equal to 419.1 m2/g. However,
most probably the results for this sample were not associated with the biomass type, but they
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were disturbed by high soil contamination of the sample, as its ash content is 21.83%. Whereas,
the ash content in hay reported in the literature is in the range of 6–8% [66,67].

Chars produced from wheat straw and wood (ABW and WBP) have exhibited a
moderate methanol adsorption capacity, which was similar in both analyzed temperatures.
Despite of the quite noticeable BET specific surface area of samples after gasification at
900 ◦C, the produced chars have shown average sorption properties. The highest weight
gain was observed for the process temperature of 60 ◦C for the WBP_900 sample. For the
value of P/P0 of 90% the mass change was equal to 24.15%. Similar methanol uptakes
were noted for commercial activated carbons (e.g., Norit GL 50) of BET not higher than
600 m2/g. Other commercial, wood- and coal-based activated carbons of specific surface
area equal to 1200 m2/g present the maximal methanol sorption at the level not higher than
40% [68,69]. Unfortunately, the presented sorption properties do not present produced
solid residue derived from biomass waste as most suitable candidates for a sorption chiller
adsorbent. However, due to noticeable methanol sorption capacity and the origin of the
studied material, produced solid residue might be a proper material for VOCs sorption [27]
and subscribe in a circular economy concept.

Figure 7. Adsorption and desorption isotherms for the samples ABW_900 at 30 and 60 ◦C.

Figure 8. Adsorption and desorption isotherms for the sample ABH_900 at 30 and 60 ◦C.
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Figure 9. Adsorption and desorption isotherms for the sample WBP_900 at 30 and 60 ◦C.

4. Conclusions

The main conclusions of this study in agreement with the literature are as follows:

• The gasification process leads to an increase in the content of C in the char, with a
parallel decrease in the concentration of H and O. This change affected the hydrogen
(H/C ratio) and oxygen (O/C ratio) indexes, which both decreased significantly for
the char samples. The above shift indicates that chars become more alike to coal. A
similar trend was observed by analyzing the HHV value of the chars compared to the
raw biomass;

• The TGA results for the combustion process of raw biomass and chars showed that
the char samples lack peaks related to the burning of volatile matter. Additionally, key
combustion parameters indicated that the chars have properties comparable to those
of coal;

• The provided analysis of the chars obtained from waste biomass has proved similarities
of these materials with coals, which confirms the possibility of using them energetically;

• The conducted gasification process leads to the formation of pores and cracks in the
morphological structure of the chars, which results in the formation of the heteroge-
neous structure. Organic compounds were decomposed during the process, which is
reflected by flattening out of the FTIR spectra;

• Chars significantly increased their specific surface area in comparison to raw ma-
terials. The highest increase is observed for the WBP sample, where the surface
area of the raw sample is equal to 0.42 m2/g, while a value of 764.8 m2/g for
WBP_1000 is determined, indicating that these materials are potential candidates
for AC production; and

• Unfortunately, the studied samples are not the most applicable materials for the
production of activated carbon (AC) used in working pairs with methanol in sorption
chillers. On the other hand, the results indicated that the produced chars can be good
candidates for VOCs sorption.
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44. Sieradzka, M.; Gao, N.; Quan, C.; Mlonka-Mędrala, A.; Magdziarz, A. Biomass thermochemical conversion via pyrolysis with
integrated CO2 capture. Energies 2020, 13, 1050. [CrossRef]
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Abstract: Hydrochars (HTCD) derived from digestates, namely D1 and D2 (from two plants) of
sewage sludge, were examined with respect to their fuel properties. The hydrothermal carbonization
(HTC) tests were performed at temperatures of 200 and 220 ◦C, for 2 and 4 h of residence times,
and with 1:10 and 1:8 digestate to water ratios (D/W), causing an increase of ash content (max.
55.8%), and a decrease c.a. 20% of the higher heating value except for a slight increase to 15 kJ/kg at
200 ◦C and 4 h in hydrochars. Conversely, the combustion profiles of hydrochars moved towards
higher temperatures (225–257 ◦C) and finished earlier at lower temperatures (423–438 ◦C). The HTCD
from D1 and D2 showed very similar properties under the same conditions (200 ◦C, 4 h, 1:8 D/W)
for combustion characteristic temperatures, indices and profiles. The best efficiency was found for
HTCD2. In addition, the polluted post-processing liquid phase was treated by a distillation process
providing 30% higher pH, 50% lower BOD values, up to 15 times lower COD values, and c.a. three
times lower conductivity.

Keywords: hydrothermal carbonization; sewage sludge; hydrochar; digestate; thermal analysis;
post-processing water

1. Introduction

Every sector that utilizes biomass generates biodegradable waste, which can then be
transformed via different methods, is primarily for energy production. One method is
anaerobic digestion, considered to be the best biological transformer of organic waste [1],
employing the help of microbes, and resulting in the production of biogas [2]. Organic
and municipal wastewater waste can be successfully utilized in biogas plants producing
biogas as the main product and digestate as a by-product. Anaerobic digestion involves a
sequence of reactions such as hydrolysis, acidogenesis and methanogenesis [3]. Digestate is
a substance which is rich in nutrients and contains both organic and inorganic compounds
as well as micro-organisms. Due to a significant amount of organic matter in the digestate,
it can be used as a solid biofuel, a soil amendment or a substrate for activated carbon pro-
duction. Most of the digestate (c.a. 95%) produced in Europe is used as fertilizer, but some
impurities (e.g., biological and heavy metals), and law regulations can limit this utilization,
such as European Nitrates Directive (91/676/EEC) [4]. There are a few disadvantages
linked with the anaerobic digestion process. The digestates are often significantly diluted
(commonly from 3 to 6% dry mass), have a colloidal structure responsible for significant
problems with their mechanical dewaterability, and contain inorganic impurities, including
alkali and/or heavy metal compounds. They are characterized by a low calorific value of
dry matter (organic compounds contained in the substrates for biogas plants have already
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been mostly converted into biogas in the process of methane fermentation) and they create
strong odours. If the digestate cannot be used for field fertilization due to exceeding the
permissible content of contaminants, additional methods concerning utilization have to
be found.

The digested sewage sludge still contains a large quantity of non-biodegradable
organic matter that can be used for additional energy production. The most common usage
of digested sewage sludge is drying combined with combustion, but the high moisture
content in a feedstock is cost consuming [5]. Effective energy management may be improved
by a suitable pretreatment to help solve this problem. In fact, a high amount of moisture
in the digestate makes hydrothermal carbonization, treatment or conditioning, the most
adequate method. Additionally, a part of the biogas could be used for its energy demand.
Moreover, the hydrothermal conditioning of sewage sludge significantly improves its
dewaterability, which may help with a reduction of heat consumption in all processes, in
accordance with the European key objectives action plan, by focusing on “waste-to-energy”
in the circular economy and, thereby, increasing waste prevention, reuse and recycling.

Hydrothermal carbonization (HTC) is a thermochemical process which involves the
application of heat and pressure to convert the digestate in the presence of water into
a solid product, namely hydrothermally carbonized material or hydrochar. The process
is generally carried out within a temperature range of 180–350 ◦C, and the pressure is
maintained above saturation pressure to ensure the liquid state of water. Additionally, the
residence time is maintained between one and several hours. Under those rigid conditions,
the chemical destruction of the dry mass of feedstock occurs and the following reactions
take place: hydrolysis, decarboxylation, and dehydration [6]. This results in three types
of products: gases, mainly CO2, water and some simple organic compounds dissolved in
water. A solid product, (30–40% moisture content), can be easily filtered from the reaction
solution, and has upgraded carbon-like physical and chemical properties (e.g., hydropho-
bic, non-biodegradable). The liquid phase, which is often a major product, may be highly
toxic, reaching relatively high values of chemical oxygen demand (COD) including up to 45
gO2/L in the case of sewage sludge used as feedstock and, hence, requires proper manage-
ment. The efficiency of the process depends chiefly on the physical and chemical structure
of feedstock, reaction temperature, reaction time, pressure and pH. The main advantage
of this pretreatment method is to increase the dewaterability (drying) of the obtained
hydrochar with respect to the feedstock, which is five times less energy-consuming than
drying. The researchers attracted a great deal of attention for the HTC process, because it is
energy-efficient, simple and low cost. Moreover, the energy required to heat the reacting
water is very low in comparison with traditional thermochemical processes. As previously
mentioned, the process is specific to biomass with a high moisture content, and mainly
includes municipal waste, e.g., sewage sludge [6,7]; food factory waste, e.g., beetroot, citrus,
orange, herbal tea, pulp mill waste, olive mill, wine industry or tobacco stalks [8–13];
agricultural waste, e.g., straw, lignocellulosic or algae biomass [14–18], and also digestate
from biogas plants [19]. The physical and chemical properties of the hydrochar and its
yield depend primarily on the properties of the feedstock and the processing conditions
(temperature and residence time), which is why research on their impact is required for
every studied feedstock. Moreover, during hydrothermal carbonization, the morphology
changes significantly with temperature from macroporous to micro carbonaceous spheres
on the surface, mainly caused by dehydration and decarboxylation of polymers followed by
aromatization and re-condensation reactions [20], resulting in hydrophilic heterogeneous
structures of hydrochar. In general, during the biomass degradation under hydrothermal
carbonization, the inorganic elements are released and dissolved in the processing solution;
thus, a lower ash content is found in hydrochar than in raw biomass [21]. In the case of
sewage sludge, the opposite results have been found [22]. Due to the excess loss of volatile
matter and retention of minerals, an increase of ash in hydrochar is observed. The HTC also
modifies the porous structure and surface area of sewage sludge, but high temperatures
and long residence times are not desirable as they cause limited porosity and a small surface
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area. However, according to Wang [22], the abundant oxygen-containing functional groups
on its surface indicate the potential for good adsorptive properties for heavy metals, and
xenobiotic organism retention. Sewage sludge was also studied by Tasca et al. [23], who
reviewed the hydrochar properties towards different applications, namely: energy sector,
soil amelioration, wastewater pollution remediation, and carbon and greenhouse gases
sequestration. In addition, the methods for treatment of the post-processing liquid phase
were also analyzed. Furthermore, the fate of heavy metals was also investigated since
sewage sludge is considered as an extremely complicated heterogeneous material that
contains organic debris, inorganic particles, bacteria, colloid sewage sludge and moisture,
as well as undesirable components, such as heavy metals, organic pollutants and pathogens,
which are environmentally hazardous [24–27]. The hydrothermal treatment of sewage
sludge has been investigated, taking into account the possible application of hydrochars
as adsorbents, land fertilizer or renewable fuel [28–30]. However, the contents of heavy
metals seriously limit their application. The reported research suggests that changing HTC
process parameters (e.g., temperature, time, catalyst, and the addition of other biomass)
could influence the total contents and chemical forms of heavy metals [31], mainly with an
increase of temperature in the process. The significant impact of feedstock properties has
created a wide range of investigations resulting in many documented studies concerning a
variety of feedstock, primarily in renewable energy generation. Sharma et al. [32] reviewed
the waste biomass and its conversion by using the conventionally heated HTC process,
modified by microwave assistance, and confirmed the advantages of hydrothermal car-
bonization of waste biomass towards renewable energy generation potential. Although
there have been many investigations concerning the hydrothermal carbonization of sewage
sludge [33,34], fewer studies have considered the hydrothermal carbonization process of
its digestate [35–38]. Aragón-Briceño et al. [39] investigated the process temperature on
the characteristics of hydrochars including the fate of nitrogen and phosphorus species
in energy application. The post-processing liquid phase from the hydrothermal process
in terms of the biochemical methane potential was also tested. Both hydrochar and the
post-processing liquid phase were found to have some potential for use in additional
energy production. The same idea was investigated by Parmar and Ross [40], who studied
the HTC of four different digestates from disparate origins: agricultural residue, sewage
sludge, residual municipal solid waste, and vegetable, garden, and fruit waste. It appeared
that the hydrothermal carbonization process enhanced biogas production, but the solid
product, due to a high ash content, was not recommended as a fuel. It was indicated that
hydrochar should be studied further in terms of utilization as a soil amender.

Cao et al. [41] investigated the fundamentals of the effect of digestate origin and pro-
cess conditions. Although many researchers are interested in the hydrothermal treatment
of digestate and are enthusiastic about this idea, they underline that not only the conditions
of the process, but also the feedstock origin and its properties highly influence the resulting
products and their properties. Composition and chemical energy can vary even between
the same types of digestate depending on the source [6,9,19,39–43]. Moreover, discussion
of the optimal conditions at a lower range of temperatures for producing hydrochar with
homogeneous and constant fuel properties derived from digestate of sewage sludge is cru-
cial from an industrial point of view to provide clear guidance for the design, optimization
and economy of the HTC process when hydrochar is dedicated to energy application. The
use of a higher range of temperature and pressure requires higher capital and operating
costs of the HTC installation and more complex procedures concerning technical inspec-
tion. Therefore, further research on process conditions and properties of feedstock is still
required to discover the overall benefits from hydrothermal processes as a post-treatment
step after the anaerobic digestion of sewage sludge.

Accordingly, the main goal of this study was to investigate the hydrothermal car-
bonization process of digestate under different conditions of the HTC process. The novelty
of this work is a comparative analysis of physical and chemical properties of hydrochars
and liquid phases derived from the hydrothermal carbonization of digestates from two
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different sewage treatment plants. Therefore, the fuel characteristics as well as the thermal
combustion behaviour (TGA), including combustibility indices and kinetic analyses of
solid hydrochars, were investigated and compared to feedstock. Following-up the pre-
liminary, less developed study of the distillation of post-processing water from sewage
sludge, previously presented by the authors [6], where it was highlighted it as a very
promising approach, further analyses were carried out. The liquid phase was analyzed in
terms of its physical properties, and possible disposal, and application in, for example.,
biogas production or liquid biofertilizer. For these reasons, the following indicators were
characterized according to standard analytical methods for Chemical Oxygen Demand, Bio-
chemical Oxygen demand, conductivity, pH and acidity. The results could provide a better
understanding of the hydrothermal conversion of the digestate of sewage sludge in order
to successfully optimize this pre-treatment process and give a multifaceted description of
digestate and its hydrothermally carbonized products.

2. Materials and Methods

2.1. Materials

Two filtrated, dewatered, aerobically stabilized types of sewage sludge were investi-
gated. Both were collected from municipal sewage treatment plants at the same time of
the year: in the summer. The first (D1) was taken from Płaszów, a metropolitan area of
Kraków, (c.a. 780,000 inhabitants), Poland. The second (D2) was taken from the Silesian
industrial district area of Gliwice, (c.a. 184,000 inhabitants), Poland, where wastewater
was collected. Both digestates were stored, briefly in the refrigerator at 4 ◦C prior to the
experiments. Samples from both materials were air dried, pulverized, and then stored
in sealed containers before further comparative tests. The moisture content in the raw
digestates were determined: for D1 it was 76.25%, whereas, in the case of D2, it was 80%.
Both materials were diluted with deionized water for hydrothermal carbonization tests.

2.2. Hydrothermal Carbonization Test

The hydrothermal carbonization tests were performed using a stainless steel Zipperclave®

Stirred Reactor equipped with a built-in stirrer produced by Parker Autoclave Engineers,
Hessinger Dr, Erie, PA, USA. The full procedure was presented by Wilk [44]. Briefly, the
diluted material D1 at either 1:8 or 1:11 digestate to water ratio was introduced to the reactor.
The isolated reactor was heated up to 200 ◦C or 220 ◦C and maintained for a residence time
of 4 h. In the case of D2, material was diluted at a 1:8 digestate to water ratio, and two
residence times, 2 and 4 h, and a temperature of 200 ◦C were applied. Finally, the heat was
turned off and the main reactor was cooled down by cooling water to room temperature.
The solution was evacuated from the reactor and was filtrated through microfiltration
paper using the ceramic Buchner funnel vacuum filtration setup. Both products, solid and
liquid, were weighed before further testing was undertaken. The solid product was oven
dried at 105 ◦C for 24 h and then pulverized prior to physical and chemical analyses. The
liquid product was immediately investigated to avoid any changes in its properties. The
hydrothermally carbonized samples were named according to the method used and the
feedstock number, namely HTCD1 and HTCD2, which corresponded to digestates D1 and
D2, and then were numbered according to the applied conditions.

2.3. Methods for Analysis of Solid Materials

The ultimate analysis was performed using the Elemental Analyser Leco 628, according
to PKN-ISO/TS 12902:2007. The proximate analysis including moisture, ash and volatile
content were determined under the following standards, PN EN ISO 18134-2:2017, PN EN
ISO 18122:2016, and PN EN ISO 18123:2016, respectively. The higher heating values were
determined using a KL-10 bomb calorimeter, according to PN-ISO 1928:2002. Mass and
energy yields of hydrochars were determined according to [45].
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2.3.1. Combustion Performance and Behaviour

The TGA analysis, in an air atmosphere (40 mL min−1), and at a heating rate of
10, 20, and 30 K·min−1 using the Netzsch STA 449 F3 Jupiter apparatus, was performed.
The samples (10 mg) were heated in alumina crucibles (capacity 70 μL) from an ambient
temperature up to 700 ◦C. Based on TG and DTG results, performed at a heating rate of
10 K min−1, the combustion characteristic temperatures including Ti—the ignition tempera-
ture, Tmax—maximum peak temperature, and Tb—burnout temperature, were determined.
The ignition (Di), burnout (Df), combustion stability (Hf) and comprehensive combustion
(S) indices were also calculated to evaluate the combustion performance [34].

2.3.2. Kinetic Analysis

Three isoconversion methods: Friedman, Kissinger-Akahira-Sunose and Flynn_Wall_Ozawa,
were employed to estimate the most significant factor of kinetics: the activation energy.
These methods were adopted due to their reliability and currency by other researchers [46].
The activation energy was determined by measuring the temperatures corresponding to
fixed values of α from experiments at different heating rates from the slope of a plot of lnβ
vs. 1/T, where α was a conversion rate for the sample

α =
mi0 − ma

mi0 − m f
(1)

and mi0, ma, and mf were the initial mass of the sample, the actual mass, and mass after
combustion in g. The ratio of solid-state reaction rate was described by the following
equation, where t and T were the time and temperature of the process, respectively, and k
the rate constant:

dα

dt
= k(T) f (α) (2)

A number of approximation formulas and different methods were applied to calculate
the activation energy. The Friedman method was based on the following equation:

ln
[

β
dα

dT

]
= ln[Aα f (α)]− Ea,α

RTα
(3)

The Kissinger-Akahira-Sunose method was expressed by

ln
(

β

T2
α

)
= ln

(
AαR

Eaαg(α)

)
− Eaα

RTα
(4)

The Flynn-Wall-Ozawa method was based on:

ln β = ln
[

0.0048Ea

Rg(α)

]
− 1.0516

Ea

RT
(5)

2.3.3. Structural Analysis

Scanning electron microscopy supported by energy dispersive spectroscopy was
investigated by an FEI Inspect S50 microscope. Additionally, Fourier Transformation
Infrared Spectroscopy was performed by Brucker spectroscope, which investigated the
wavelengths of studied samples in the range 400–4000 cm−1. Both methods were used to
determine changes in the structure and surface of the digestates and their hydrothermally
carbonized samples [9].

2.4. Methods for Analysis Methods of the Liquid Phase

The liquid phase, derived from the filtration process after the hydrothermal carboniza-
tion test, was non-translucent and of a dark colour; thus, the distillation process, performed
under low pressure, was applied for purification [6]. For both the liquid phase and its
distillate, the following analyses were conducted: chemical oxygen demand (COD) analysis,
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according to PN-ISO 6060:2006, and pH, conductivity, and biological oxygen demands
(BOD) were measured by the Multifunction Laboratory Meter CX-505 ELMETRON in
order to make a comparative analysis. Additionally, an acid-base titration of the distillate
was carried out to determine the concentration of acetic acid. All measurements were
repeated at least three times. The remaining dark solid part from the distillation process
was dried at 105 ◦C, weighed and then analysed, using the Elemental Analyser Truespec
Leco 628 according to PKN-ISO/TS 12902:2007, for its carbon content to determine the
carbon balance.

3. Results and Discussion

The results of ultimate and proximate analyses supported by higher and lower heating
values (HHV and LHV) are summarized in Table 1.

Table 1. Characteristics of feedstocks and hydrothermally carbonized digestates, db.

D1 HTCD1_1 HTCD1_2 HTCD1_3 HTCD1_4 D2 HTCD2_1 HTCD2_2

Temperature, ◦C 200 200 220 220 200 200
Digestate to
water ratio

1:8 1:11 1:8 1:11 1:8 1:8

Residence time 4 4 4 4 2 4

Ultimate analysis
C, % 29.6 26.2 26.50 26.70 26.00 32.8 30.4 30.8
H, % 4.3 3.14 3.34 3.14 3.05 4.69 3.83 3.84
N, % 4.35 2.32 2.14 2.16 1.95 4.74 2.55 2.52
S, % 1.58 1.42 1.32 1.36 1.51 1.61 1.43 1.55
O, % 20.11 11.12 12.34 9.44 11.21 22.85 12.67 11.93

Proximate analysis
FC, % 8.16 9.01 10.45 10.96 11.88 8.66 9.42 9.24
VM, % 50.45 34.03 33.08 31.18 30.58 53.83 39.59 39.46
Ash, % 40.06 55.80 54.36 57.20 56.28 33.31 49.12 49.36
M, % 1.33 1.16 2.11 0.66 1.26 4.20 1.89 1.94

Fuel ratio
FC/VM 0.16 0.26 0.32 0.35 0.39 0.16 0.24 0.23

Heating values
HHV, MJ/kg 14.34 11.40 11.40 13.41 11.41 14.66 13.76 15.12
LHV, MJ/kg 13.57 10.82 11.45 12.73 10.80 13.75 13.09 14.46

The chemical changes in the properties of all hydrothermally carbonized digestates
were compared to raw materials and depicted in a van Krevelen diagram visualized in
Figure 1. Due to the decarboxylation, dehydration and demethanation reactions, which
occurred in the aqueous environment under temperature and pressure, the molar ratios
of O/C and H/C were much lower in comparison with the raw materials. Consequently,
they moved into a more coal-like zone towards the lower end of the scheme. Organoleptic
analysis confirmed that all hydrothermally carbonized materials were more carbonaceous,
brittle and easier to grind than raw dried digestates. Regarding both raw materials, the
digestates derived from sewage sludge of different origins, and the ultimate and proximate
analysis indicated that they were similar from a chemical and physical point of view.
Carbon and volatile matter contents were slightly higher in D2 when compared to D1,
whereas ash content, conversely, was lower. The changes in the chemical properties of the
samples presented in Figure 1 clearly indicated that the temperature and digestate to water
ratio had an impact on the properties of hydrothermally treated material; the HTCD1_3
samples derived at 220 ◦C and a digestate to water ratio of 1:8, moved significantly to the
left side of the scheme than the other wet torrefied samples from D2. A similar tendency
was observed regarding the increased residence time of the process: HTCD2_2 at 4 h also
moved to the more carbonaceous zone. These results are consistent with those presented by
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He et al. [47]. Even though the higher temperature was applied to produce HTCD1_3, the
location of this sample was closer to HTCD2_2, which was produced at a lower temperature
but with the same residence time and digestate to water ratio. This is due to the slightly
higher carbon content in D2 and its hydrothermally carbonized samples.

Figure 1. Van Krevelen diagram.

The fuel ratio (FC/VM) grades the hydrochars as an alternative carbonaceous fuel [41].
Since for HTCD1 the values of FC increased and VM decreased with dilution of feedstock
for the HTC process and carbonization temperature, the fuel ratio increased from 0.16
to 0.39. In the case of HTCD2, the fuel ratio also increased by about 50% due to an
increase of FC and a decrease of VM caused by the HTC process. However, the increase of
carbonization time from 2 to 4 h did not affect the fuel ratio, which is contrary to the results
of He et al. [47].

The ultimate analysis also indicated changes in the nitrogen and sulphur contents
caused by the HTC process. The significant removal of nitrogen content from digestates
was observed due to the degradation of proteins containing N which occurs above 150 ◦C,
and decomposition of organic-N to NH+4-N [7]. The higher dilution (1:11) and higher
temperature (220 ◦C) applied in the HTC of D1 resulted in 50 and 55% of N release into
gases and liquid phases. In the case of D2, the increase of reaction time was not significant
and the removal of N was 46% for both HTCD2_1 and HTCD2_2. Regarding sulphur,
the HTC process caused a slight removal, but increased dilution and temperature did not
indicate a clear tendency. The increase of carbonization time caused an increase of sulphur
in the hydrochar, which is consistent with Aragón-Briceño et al. [39]. In conclusion, the
NOx and SOx emissions from the combustion of hydrochars will be lower than in the case
of digestates derived from sewage sludge, proving that hydrochar is the more favourable
fuel. The physical properties are presented in Figure 2. The mass yields for HTCD1 differ
between 52 and 64%, which is related to the applied conditions. The highest value of
64% was obtained for HTCD1_1 performed at 200 ◦C and a digestate to water ratio of 1:8,
whereas the lowest was for HTCD1_2 performed at 200 ◦C and a digestate to water ratio of
1:11. Energy yields were almost the same for samples studied in different digestate to water
ratios, and the temperature impact on these properties was not visible. The fixed carbon
increased slightly with an increase in temperature, which corresponded to a decrease in
volatile matter content in the samples. The more diluted material and higher temperature
of the process, the less volatile matter and higher fixed carbon in the samples were found.
In the case of HTCD2, the highest mass yield was found in the sample conducted for 4 h of
residence time, and fixed carbon, found for 2 h of residence time, which was lower than for
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4 h, where it was slightly higher than in the case of D2. When comparing hydrothermally
carbonized samples derived under the same conditions, namely 200 ◦C of temperature,
digestate to water ratio of 1:8 and 4 h of residence time, the mass yield of HTCD1_1 was
slightly higher and differed by only 3% from HTCD2_2. However, energy yields were
lower, around 23% when compared with HTCD2_2, indicating that this material reacted
differently despite being under the same conditions of the process. Higher heating values
were depicted for all samples, confirming the above statement. In the case of D1, the
hydrothermal treatment caused a decrease in HHV, whereas with D2, there was a slight
increase. The results were similar to those presented by [35].

Figure 2. Chemical and physical properties.

Thermal analysis was conducted in order to study the combustion profiles of the sam-
ples. The results were depicted in the forms of TG/DTG/DSC curves (Figures 3a and 4a)
for D1 and D2. The combustion process was observed on TG profiles. It was divided into
three distinct stages: release of the moisture content, release and combustion of volatile
matters, and, finally, combustion of the char. A lack of changes in the mass of solid residue
indicated the end of the process. The combustion of the two raw digestates was similar.
However, the TG curves were the same in shape and character; D2 initiated the combustion
slightly later and combusted longer at a higher temperature (504 ◦C) for 3 min when com-
pared to D1 (488 ◦C). The combustion process was much more visible with DTG curves,
which occurred with two peaks: one c.a. 270 ◦C, and, more noticeably, the second highest
weight loss was observed around 480 ◦C. The char combustion was confirmed by the DSC
peak, which corresponded with the second DTG peak.

The comparison between TG curves of hydrothermally carbonized products derived
from D1 and D2 are presented in Figures 3b and 4b. The TG profiles of carbonized
samples differed and moved slightly towards higher temperatures. In both cases, a sharp
decrease was observed between 250–300 ◦C and a much higher quantity of solid residue
was collected after the treatment. Concerning HTCD1 samples, the TG profiles of HTCD1_1
and HTCD1_2 differed when compared to HTCD1_3 and HTCD1_4. Both HTCD1_1 and
HTCD1_2, showed greater decreases and higher rates of volatile matter release represented
by DTG1 curves. The location of DTG1 for HTCD1_2 suggested that its volatile matter was
more violently combusted at a lower temperature, 272 ◦C, than in the case of HTCD1_1,
namely 280 ◦C. The other two samples, HTCD1_3 and HTCD1_4, derived at a higher
temperature, 220 ◦C, initiated and finalized the combustion at the same moment, and also
combusted with two peaks of DTG, but with less intensity as in the case of the previously
mentioned HTCD1_1 and HTCD1_2.
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Figure 3. (a) TG/DTG/DSC of D1 and (b) TG curves of HTCD1.

Figure 4. (a) TG/DTG/DSC of D2 and (b) TG curves of HTCD2.

In addition, based on the TGA results, the most important combustion parameters
including characteristic temperatures and combustibility indexes, were determined and
summarized in Table 2. The following temperatures were found: Ti—ignition temperature,
which defined the beginning of the combustion, T1—was the maximum peak temperature,
and Tb—burnout temperature indicated the temperature at which the fuel was completely
combusted [47]. In both cases, the hydrothermal carbonization caused the shift of Ti tem-
peratures in HTCD1 and HTCD2 samples towards higher temperatures, due to an intensive
volatile release confirmed by Di. The Tb occurred earlier in the case of pretreated samples,
indicating that they were combusted in a shorter time, and according to a higher value of S
index, with a higher intensity and probably more easily due to a slightly better combustion
performance. The Hf represents the rate and intensity of the combustion process. Addition-
ally, the results proved that the hydrothermally carbonized process unified the properties of
the pretreated samples conducted under the same conditions giving very similar values of
combustion characteristic temperatures, indexes and profiles for HTCD1_1 and HTCD2_2.
For instance, the ignition indexes (Di) were 1.41 and 1.34 (%/min3), respectively. The com-
prehensive combustion (S) index differed only by 1.7 (%/(min·K2) and combustion stability
(Hf) index by 5 (%2/(min2·K3)). A higher temperature of the process (220 ◦C) caused a
decrease in S, providing results approximately half lower (c.a. S = 6.5 (%/(min·K2)) and
an increase of about 40–50 in the Hf value. In conclusion, according to Song et al. [48] the
results indicated that hydrochars from digestates performed better ignition and combustion
characteristics in comparison to both digestates due to a larger Di index and a higher value
of the S index.
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Table 2. The combustion characteristics parameters of raw and hydrothermally carbonized digestates.

Material D1 HTCD1_1 HTCD1_2 HTCD1_3 HTCD1_4 D2 HTCD2_1 HTCD2_2

Temperature, ◦C 200 200 220 220 200 200
Digestate to
water ratio

1:8 1:11 1:8 1:11 1:8 1:8

Residence time 4 4 4 4 2 4

Ti, ◦C 194 250 255 225 225 204 250 257
Tb, ◦C 488 438 423 427 423 504 442 438
T1, ◦C 270 280 272 280 282 270 290 280

DTG1, %/min −4.00 −7.67 −5 −2.27 −2.25 −2.72 −4.58 −7.46
T2, ◦C 473 384 363 374 370 481 384 382

DTG2, %/min −5.50 −2.54 −2.36 −2.02 −1.94 −5.29 −2.54 −2.16
Di, %/min3·10−2 0.63 1.41 0.94 0.48 0.47 0.66 0.82 1.34
Db, %/min4·10−5 9.5 30.9 22.4 9.3 10.3 12.3 18.0 30.9

S, %2/(min2·◦C3)·10−8 11.7 21.1 12.1 6.6 6.4 12.4 12.9 19.4
Hf, %/(min·◦C2) 875 972 973 1026 1014 813 992 967

The activation energy was estimated by three isoconversional model-free methods,
Friedman, Kissinger-Akahira-Sunose, and Flynn-Wall-Ozawa [49] for D1 and D2 and their
pretreated samples derived under the same conditions, 200 ◦C, 4 h of residence time and
1:8 of digestate to water ratio, namely HTCD1_1 and HTCD2_2 (Table 3). An example for
Ea determination is presented in Figure 5, where the Kissinger-Akahira-Sunose model was
used. Different heating rates (β = 10, 20, 30 K/min) were applied and the slope of ln(β/T2)
for different conversion rates (α) was depicted. For the evaluation, only the fittings with a
high correlation coefficient were considered. Raw samples of D1 and D2 showed nearly
parallel fittings for most of the conversion rates, indicating that activation energy changes
slightly with ongoing combustion. HTCD samples display a greater variation, suggesting a
multistep kinetic mechanism [50,51]. All methods provided very similar results, especially
in the case of D2 and its hydrothermally carbonized product, which differed by only 1 to
12%. The activation energy for raw D1 was lower, c.a 30%, when compared to pretreated
material, and this was probably the result of the degradation of organic compounds in
sewage sludge.

Table 3. Activation energy estimated by Friedman, Kissinger-Akahira-Sunose and Flynn-Wall-Ozawa.

Material Ea, kJ/kmol

Friedman Kissinger-Akahira-Sunose Flynn-Wall-Ozawa

D1 132 179 152
HTCD1 169 180 182

D2 165 166 153
HTCD2 168 169 152

FTIR spectra of D1 and D2 digestates and their hydrochars HTCD1 and HTCD2 are
depicted in Figure 6a,b. There were no significant changes found in the digestates after
hydrothermal treatment, indicating that the hydrothermal carbonization process slightly
affected the chemical bond of digestates, which corresponds with Peng’s investigations [52].
Both digestates were similar in shape, but the intensity of peaks differed a little. For instance,
with D2 the peak at 3400 cm−1, which is attributed to the vibration of -OH stretching found
in cellulose, decreased slightly with a rise in temperature and dilution, suggesting the
ability for dehydration, whereas, in the case of D1, it was weaker for a shorter period of the
hydrothermal carbonization process. The wavelength range of 2800–3000 cm−1 is assigned
to aliphatic hydrocarbons, most likely aliphatic carbon C-H and the symmetrical stretching
of methylene groups, represented by 2923 and 2853 cm−1, respectively [53], which were
slightly affected by temperature and time of the process. Two peaks found in the region of
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1350–1800 cm−1 at 1658 and 1442 cm−1 were probably attributed to the stretching vibration
of C=N amides [52,54] and the presence of olefins components [55]. In both studied cases
they were slightly weaker after hydrothermal conditioning. The strong and broad peak
at 1007 (D1) or 1011 cm−1 (D2) is connected to -C-OH, attributed to carboxylic acids or
alcohols. The other hypothesis is that these peaks are assigned to Si-O stretching and
Si-O-Si bonds, confirming the presence of Si in digestates from sewage sludge. According
to Wang et al. [56], polysaccharides can be detected in the region of 1000–1100 cm−1 after
decomposition caused by the hydrothermal carbonization process. There are also some
subtle peaks below the region 600–400 cm−1 slightly affected by the hydrothermal process,
which are probably caused by Si-O or Al-O bending vibration [47].

Figure 5. Linear fitting to the Kissinger-Akahira-Sunose kinetic model for various conversion during
combustion for: (a) raw D1, (b) raw D2, (c) HTCD1_1, and (d) HTCD2_2.

SEM-EDS results depicted in Figures 7 and 8 confirmed the degradation observed by
FTIR analysis caused by the hydrothermal carbonization process of pretreated digestates.
In both cases defragmentation was also found, and smaller particles were observed after
the process.
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Figure 6. FTIR results for (a) D1 and HTCD1 and (b) D2 and HTCD2.

  

Figure 7. SEM-EDS results for D1 and HTCD1_1.
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Figure 8. SEM-EDS results for D2 and HTCD2_2.

Liquid contains a high quantity of dissolved total organic carbon content and nutrients
and necessitates adequate disposal. Accordingly, the preliminary study of vacuum distilla-
tion of the post-processing liquid phase was tested as a suitable method for purification.
This method proved to be a good solution, not only for the elimination of odour and
colour from non-translucent and toxic liquid, but also as an effective method in COD, BOD
and conductivity reduction [6]. Table 4 summarized the results presenting that COD was
decreased by ten times, BOD by two times and conductivity by four times, even though
pH increased by 30%.
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Table 4. Liquid filtrate and its distillate characteristics.

Material HTCD1_1 HTCD1_2 HTCD1_3 HTCD1_4 HTCD2_1 HTCD2_2

pH 7.33 7.00 7.74 7.46 7.09 7.13
pHd 9.5 9.18 8.87 8.95 9.09 8.94

Conductivity, mS 13.95 10.36 16.84 12.89 11.27 12.68
Conductivityd, mS 3.09 2.28 8.88 7.09 3.85 5.20

COD, gO2 L−1 30.3 22.62 29.67 23.85 28.72 26.76
CODd, gO2 L−1 3.16 1.49 4.57 3.33 2.77 2.37
BOD, gO2 L−1 1.76 1.04 1.32 1.52 1.08 1.12

BODd, gO2 L−1 0.8 0.72 0.72 0.84 0.60 0.48

d—distillate.

4. Conclusions

The digestates from two wastewater treatment plants were hydrothermally carbonized
at 200 and 220 ◦C, 2 and 4 h of time, and 1:8 and 1:11 of D/W ratios. The changes in
the physical and chemical properties of hydrochars were confirmed by proximate and
ultimate analysis, thermal analysis and FTIR and SEM-EDS methods. Hydrothermal
carbonization caused an increase of up to 50% of ash content and a decrease c.a. 6–12%
of carbon content, which corresponded to a decrease c.a. 20% of the higher heating value
except for a slight increase to 15 kJ/kg at 200 ◦C and 4 h in hydrochars. The degradation
of morphology and structure caused by rigid conditions were confirmed by FTIR and
SEM-EDS analysis. Energy and mass yields varied 52 to 64 and 43 to 63%, respectively.
Thermal analysis presented combustion profiles of hydrochars which moved towards
higher temperatures (225–257 ◦C) and finished earlier at lower temperatures (423–438 ◦C)
in comparison to digestates. An important guidance for industry regarding the energy
application of digestate from sewage sludge is provided. Indeed, one of the most significant
aspects of the results is that the hydrochar properties are mainly dependent on the process
conditions (200 ◦C, 4 h, and 1:8 D/W) rather than on the feedstock characteristics. This
is very promising from an industrial point of view, because a single carbonization plant
can process feedstock arriving from different waste water treatment plants, providing
an homogenous and constant product output. In particular, the following properties
were found to be unified for the two digestates: fixed carbon (c.a. 9.12%), combustion
characteristic temperatures (Ti c.a. 254 ◦C, Tb = 438 ◦C, T1 = 280 ◦C), indices (Di c.a.
1.37 min2·◦C3·10−2, Db = 30.9 min2·◦C3·10−2, S c.a. 20.25% 2/(min2·◦C3) ·10−8, Hf c.a.
970 min2·◦C2) and Ea = 169 kJ·kmol−1 calculated by the Friedman method. Moreover, to
manage the problem of polluted process water, the vacuum distillation process is proposed
as a successful disposal of the liquid phase from the hydrothermal carbonization process,
thereby giving a spectacular reduction in the main toxicity indicators (two times lower
BOD values, up to fifteen times lower COD values, and c.a. three times lower conductivity).
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M.W., M.G., M.Ś., K.C. and L.L.; resources, M.W.; methodology, M.W., M.G., M.Ś.; investigation,
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Abstract: One of the by-products of a mechanical-biological waste treatment plant is the under-sieve
fraction, which requires separation prior to further processing of municipal mixed waste. This
stream usually follows the fate of landfilling. Instead, it could be introduced to the hydrothermal
carbonization (HTC) process to improve its fuel properties and become solid recovered fuel. The
organic fraction and high moisture content (approximately 26%) of under-sieve fraction are favorable
properties for the HTC process. In this study, hydrochars, the solid product of HTC, were produced at
200 and 220 ◦C with residence times of 1, 4, and 8 h. The main aim of this investigation was to estab-
lish the influence of different process parameters on hydrochars’ fuel properties. Thermogravimetric
analysis (TGA), Fourier-transform infrared spectroscopy (FTIR), and scanning electron microscopy
(SEM) were employed in the analyses. The results confirmed the positive effects of hydrothermal
carbonization on the under-sieve fraction of municipal mixed waste properties. The ignition tempera-
ture increased from 247 ◦C to 288 ◦C and burnout temperature decreased to 443 ◦C from 489 ◦C after
hydrothermal carbonization, causing a shorter combustion process. The determined key combustion
parameters were: S = 12.4 × 10−8%·min−2·◦C−3, Hf = 1174.9 ◦C and Di = 0.0075%·min−3, which
in comparison to USF decreased by 44%, increased by 33%, and decreased by 29%, respectively,
and became closer to those of coal. Furthermore, the identified structural changes indicate that
hydrochars could be successfully used in energy production. The most promising results were found
for hydrochar produced at 220 ◦C for 1 h, leading to a better combustion performance and providing
a more stable and a less violent flame.

Keywords: hydrothermal carbonization; municipal solid waste; TGA; FTIR; SEM-EDS

1. Introduction

Recently, hydrothermal carbonization has more often been brought to attention as
a process that can change and improve the properties of various feedstock. Due to the
reactions achieved in an aqueous environment, it is a suitable treatment for wet materials
with unfavorable, high organic content, e.g., vegetation, food and paper waste, sewage
sludge, or mixed solid waste [1–9]. Generally, the latter, municipal mixed waste, is treated
in a mechanical-biological treatment plant where the recycling of metal from waste is
processed and then the remaining residue is aerobically stabilized and landfilled. However,
according to European legislation, the quantity of waste that is landfilled must decrease to
a limit of 10% by 2035, hence, other solutions are being sought [10]. Accordingly, hydrother-
mal carbonization is suggested as a suitable method to improve dewatering, grinding,
handling, transportation, and storage of the wet feedstock. Moreover, the elevated tem-
perature and pressure guarantee an altered structure of the material as well as limiting
the biodegradation process. Furthermore, the reactions that occur during hydrothermal
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treatment, e.g., hydrolysis, dehydration, decarboxylation, polymerization and aromatiza-
tion, provide lower oxygen and higher carbon content in the final product [11]. Those
properties, supported by an increased calorific value, create an environmentally-friendly
solid recovered fuel, hydrochar, which could be successfully applied to energy systems,
e.g., in an incineration plant. Additionally, the hydrothermal treatment of post-processing
organic waste is in concordance with the waste-to-energy and minimizing of waste at
source European environmental policy [12].

Consequently, the hydrothermal carbonization process is often studied to establish
the possible application of hydrochars and to find the best process parameters for the
process, which could minimize costs and maximize possible benefits [13,14]. For instance,
Santos et al. [15] studied hydrochars derived from the hydrothermal carbonization process
of low-grade organic fraction of municipal solid waste (OFMSW) at 180 ◦C for 2 h as a
novel, sustainable, low-CO2 building material for thermal insulation panels. In addition,
Ischia [16] studied this material under similarly mild conditions (180 ◦C) but applied
thermal and chemical extraction (1:4 methanol: dichloromethane) on hydrochars. The
removal of reactive volatile matter in hydrochars was investigated during thermal treatment
and chemical extraction, suggesting a potential pathway for the recovery of fatty acids
and condensation of fuel molecules in the solid hydrochar. Furthermore, the relevant
properties of hydrochar could be used as a soil amendment or an environmental adsorbent
as well as simultaneously extracting valuable biodiesel and biofuel precursors [16]. Aragon-
Briceno et al. [17] studied the optimum hydrothermal carbonization process conditions
for recovering water from the MSW digestate at three temperatures 180, 200, and 230 ◦C
and three residence times 30, 60, and 120 min and proved that the most suitable conditions
were 200 ◦C with a residence time of 120 min, resulting in 47.2% of water recovery. Based
on the net energy balance (5.6 MJ) and the applied Aspen model, the integration of HTC
as part of the dewatering system of an MSW treatment plant was proposed and provided
very promising results. Espro et al. [18] investigated hydrochars derived from orange
peels in sensing applications. Hydrochars produced at 300 ◦C were used to fabricate high
performance conductometric sensors for the monitoring of NO2.

Furthermore, Roman et al. [19] studied different residence times (1–5 h), on a quantity
of compost derived from MSW (1–4 g in 30 mL) and at different temperatures (150–230 ◦C)
regarding the mass and energy yield of hydrochars and, most importantly, on postpro-
cessing water disposal, while searching for the catalytic behavior of both products. On
the contrary, Lin et al. [20] studied the behavior of four typical components of municipal
solid waste (MSW), such as waste textile, wood, paper, and food under hydrothermal and
co-hydrothermal carbonization. The blends of MSW and waste textile derived at 240 ◦C
and 90 min with a 1:12 solid/liquid ratio exhibited synergistic effects during the co-HTC of
typical MSW components. The co- and hydrochars behavior and characteristics’ parameters
of combustion were studied by profound analysis of TG and DTG data. Moreover, it was
found that hydrochars more stably combusted and effectively fitted the nth-order kinetic
model of the combustion reaction process. Venna et al. [21] also confirmed the potential
of hydrochar derived from municipal solid waste, namely yard and food waste, as a solid
biofuel. In comparison to distilled water, a landfill leachate was applied as a water carrier
in the HTC process, but fuel characteristics of the hydrochars did not significantly change.
TGA was implemented to describe the combustion behavior and parameters of the derived
hydrochars. Moreover, the morphology and surface chemistry of the hydrochars was
applied to detect the morphological changes caused by the HTC process. SEM images
depicted microspheres, higher porosity, and surface roughness after hydrothermal degrada-
tion resulted in better fuel characteristics. The changes in functional groups in hydrochar in
comparison to raw samples were determined by FTIR examination. These techniques were
also used by Wang et al. [22] to study food waste and their hydrochars produced within
a temperature range of 180–260 and 60 min of residence time in terms of solid biofuels
characteristics. Akarsu et al. [23], Saqib et al. [24], and Nguyen et al. [25] also studied food
waste and their hydrochars to confirm their ability in energy production by emphasizing
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their physicochemical, structural, and combustion performance. Sharma et al. [26] studied
in detail the mechanism and process parameters of the hydrothermal carbonization of
municipal solid waste as a potential biofuel taking into account the environmental impact.
It was suggested that the optimized parameters of the process can ensure the improved
properties of hydrochars identified by advanced instrumental methods for a net renewable
energy production potential value.

The need for a profound discussion concerning the hydrothermal carbonization of
municipal solid waste in order to fully understand its behavior was underlined by many re-
searchers [5,27–31]. Accordingly, in this study, the hydrothermal carbonization of municipal
solid waste is investigated in detail, in particular under-sieve mixed waste, mainly focused
on the fuel properties of hydrochar derived under various conditions of the process.

2. Materials and Methods

The stream of municipal mixed waste, investigated in this research, was collected from
a rotating sieve drum at an Italian mechanical-biological treatment plant. The particles of
material were smaller than 60 mm and referred to as under-sieve fraction (USF)—Figure 1.
The USF was grey, fluffy, and resembled dust. A composition analysis of USF identified
some paper, plastics, glass, wood, textiles, food waste, coffee pods, inert materials, and
metals [32]. However, approximately 75% of the USF proved to be indistinguishable due
to its small size—Figure 2. To simplify handling of the samples the material was dried
and milled.

Figure 1. Under-sieve fraction of municipal mixed waste prior to and after hydrothermal carbonization.

Figure 2. Composition of under-sieve fraction of municipal mixed waste [32].

For hydrothermal carbonization, a 1000 mL, stainless steel, Zipperclave® Stirred
Reactor (Parker Autoclave Engineers, Erie, PA, USA) was used. The schematic of the
experimental set-up is presented in Figure 3. The USF was mixed with deionized water
prior to the experiment, achieving 0.15 dry solids to water ratio. The experiments were
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conducted at 200 and 220 ◦C with reaction times of 1, 4, and 8 h measured from the
moment the reactor was heated to the desired temperature. During the process, the
mixture was constantly stirred and afterwards immediately cooled down by feeding cold
water through the coil inside the reactor. The separation of solid and liquid products was
conducted via vacuum filtration. The produced hydrochars were dried at 105 ◦C in an oven
overnight and stored in sealed containers prior to further analyses. The hydrochars were
brown in color and with an increase in the process temperature or residence time the color
became darker. After hydrothermal carbonization the material can be easily ground after
drying. Additional information about the USF and hydrochars can be found in a previous
publication by Śliz et al. [32].

Figure 3. Experimental setup used for hydrothermal carbonization and filtration [32].

The proximate and ultimate analyses were performed by a muffle furnace according to
European Standards (EN 15414–3:2011, EN 15403:2011, and EN 15402:2011) and a Truspec
LECO 628 CHNS Analyzer (PKN-ISO/TS 12902:2007), respectively. Additionally, the
high heating value determination was carried out by means of a LECO AC500 Isoperibol
Calorimeter (DIN 51,900 and ISO 1928).

The combustion process was investigated by means of thermal analysis in an air
atmosphere. Samples deposited in the crucible were heated from room temperature up to
700 ◦C at a heating rate of 10 ◦C/min. This method enables TG, DTG, and DSC curves for
USF and hydrochars to be presented.

Moreover, based on those results, the characteristic parameters of the combustion
process were determined. Among them an ignition temperature, Ti, and a burnout temper-
ature, Tb, should be distinguished. According to the literature, the ignition temperature
(point C) can be found at the intersection of the horizontal line drawn from point B, when
devolatilization started, and a tangent line drawn from point A, where the vertical line
from the first DTG peak crosses the TG line. The burnout temperature was found at the
mass stabilization point where the mass loss rate decreased to below 1%/min [33,34].
Combustibility indices, such as the ignition index (Di), were also included:
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Di =
DTG1

t1·ti

where DTG1 is the value of the highest mass loss rate (first peak in the DTG curve), t1 and
ti are the times of occurrence of this first peak and when the ignition temperature was
reached, respectively. The sooner the ignition started and the highest mass loss rate was
achieved, the higher the value of the Di index reached. This corresponds with an easy
release of volatile matter and simple ignition. Next, is the burnout index (Db):

Db =
DTG1

Δt0.5·t1·tb

where Δt0.5 is the time at which the mass loss rate reached half of its maximum value and tb
is the time the combustion process takes to reach burnout temperature. The lower value of
Db required less time to complete the combustion process. The comprehensive combustion
index (CCI or S) follows:

S =
DTG1·DTGmean

T2
i ·Tb

where DTGmean is the mean value of the mass loss rate. It reflects the ignition, combustion,
and burnout properties of the fuel. Higher values of the S index indicate easy combustion
at an early stage [35]. The combustion stability index (CSI or Hf) is calculated according to
the following equation:

Hf = T1· ln
(

Δt0.5

DTGmean

)

where T1 is the temperature corresponding to DTG1. Index Hf expresses the rate and
intensity of the combustion process in which lower values are preferred. Combustibility
indices were calculated based on equations presented by Mureddu et al. [36,37].

To investigate the morphology of the samples, a scanning electron microscope, (SEM)
FEI Inspect S50, was employed and supported by the energy dispersive X-ray spectroscopy
(EDS). Fourier-transform infrared spectroscopy was conducted with the Nicolet 6700 FTIR
(Thermo Scientific, Waltham, MA, USA), including the attenuated total reflectance module
to assess changes in bonds of municipal mixed solid waste.

3. Results and Discussions

To summarize the results of proximate analysis, a Tanner diagram is presented in
Figure 4. It has been established that for the combustion of municipal solid waste certain
requirements have to be met. Namely, the moisture content cannot exceed 50%, ash content
cannot be higher than 60%, and combustible fraction has to be at least 25% [38]. The
materials which meet those restrictions are depicted in the bottom right corner of the
triangle diagram (grey area). Herein, the hydrochars were dried after the HTC process and
easily fulfilled those requirements. However, an increase in the moisture content would
cause them to move up and slightly to the left side of the diagram (simultaneously, the
ash and combustible fraction content would decrease), which should retain them in the
highlighted area of the autothermic combustion. Similar conclusions were presented by
Komilis et al. for municipal solid waste [39]. The results of the proximate and ultimate
analyses can be found in Table 1. The detailed description, presented in previous publication
concerns the under-sieve fraction of municipal mixed solid waste [32]. Nevertheless,
to summarize the key changes in the properties of hydrochars, it could be concluded
that with a longer residence time and a higher reaction temperature, it would cause a
higher value of high heating value and a lower mass yield (ratio of hydrochar mass to
feedstock mass). An increase in the ash content with a longer reaction time was also a
noticeable trend. The correlation between the process parameters and the analysis results
is also in accordance with general trends found by various researchers investigating the
hydrothermal carbonization process [7,40].
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Figure 4. Composition of the under-sieve fraction of municipal mixed waste.

Table 1. Results of ultimate and proximate analysis [32].

C,% H,% N,% S,% O,% A,% VM,% FC,% HHV, MJ/kg

USF 36.0 5.2 1.3 0.2 18.1 39.2 51.7 9.2 14.6
200_1 h 32.6 4.2 0.8 0.5 13.9 48.0 45.9 6.1 13.5
200_4 h 33.7 4.2 0.9 0.5 12.6 48.1 45.0 6.9 14.2
200_8 h 32.3 4.0 1.0 0.5 10.2 52.0 42.7 5.3 14.4
220_1 h 38.3 4.7 0.9 0.1 15.3 40.7 48.4 11.0 16.4
220_4 h 38.2 4.5 1.1 0.2 10.3 45.7 42.0 12.3 16.7
220_8 h 40.5 4.8 1.3 0.3 7.0 46.1 42.9 11.0 18.5

3.1. Thermogravimetric Analysis

The results of the thermogravimetric analysis are presented in Figures 5 and 6. The
combustion profiles are depicted in the form of TG and DTG curves. The shape of those
curves clearly represents the influence of the reaction time on the combustion performance
of hydrochars. A typical combustion process can be divided into three stages [12,41]. The
first stage, which starts almost immediately after increasing the temperature to above room
temperature and lasts to circa 150 ◦C, is connected with moisture release. Herein, this
stage was omitted as the samples were dried after the separation of the phases following
the experiments. The beginning of the next stage is marked by the ignition temperature.
In Figure 5, depicted in green, the volatile matter is released and combusted. For USF,
the Ti equals 247 ◦C and at this stage the highest mass drop occurs. The first DTG peaks
have a value of 5.973%/min and were found at 289 ◦C. In the next step, the mass loss
rate decreases, and at a higher temperature the last stage concerning the combustion of
char is distinguished—marked as stage II and depicted in blue. The second DTG peak
is much lower (2.332%/min at 463 ◦C for USF). The burnout temperature was 489 ◦C
and subsequently the mass loss stabilized. Hydrochars in general, have a higher mass of
residue after the combustion process and a lower volatile matter content in comparison
to an untreated sample, as a mass loss begins at higher temperatures. After hydrothermal
carbonization the first DTG peak becomes lower and switches to higher temperatures
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in the range of 325 to 332 ◦C for all of the hydrochars [42,43]. Based on these results, it
could be stated that the HTC process evidently causes the decrease in the combustion
time. The ignition temperature rises due to the decrease in the volatile matter content.
The samples 200_1 h and 220_1 h presented the highest ignition temperatures, 288 ◦C and
282 ◦C, respectively. However, after a longer reaction time of 8 h, the ignition temperatures
decreased reaching 273 ◦C for hydrochar derived at 200 ◦C and 256 ◦C for hydrochar
treated at 220 ◦C. Simultaneously, burnout occurs at lower temperatures, 443 ◦C for samples
carbonized at 200 ◦C and c.a. 463–477 ◦C for those pretreated at 220 ◦C. Moreover, the mass
rate loss in the first stage of combustion was maintained only for samples treated for 1 h
and is close to 6%/min. Samples treated for 4 and 8 h of residence time dipped to 3.8 and
2.7%/min at 200 ◦C, and to 3.6 and 3.2 at 220 ◦C.

Furthermore, the temperatures in the second stage of combustion decreased. For USF
it was 409 ◦C, while for samples retained at 200 ◦C it was closer to 375 ◦C, and for those
treated at 220 ◦C it was 10 ◦C higher at 385 ◦C.

The analysis of TG and DTG profiles not only presents the combustion performance but
are also the basis for assessing the key combustion factors summarized in Table 2. Among
them combustion indices should be distinguished. A lower ignition index (Di), which
dropped from 0.0106%·min−3 for USF to the lowest value of 0.0036%·min−3 for sample
220_8 h, corresponds to a lower volatile matter content and a higher ignition temperature.
Index S connects the ease of ignition, burning velocity and burnout temperature. The
highest value for USF, 22.0 × 10−8%·min−2·◦C−3, indicates that it ignites faster and more
intensively than in the case of hydrochars—a lower ignition temperature and a high mass
loss rate [44]. Conversely, the lowest value, 4.6 × 10−8%·min−2·◦C−3, was reached for
hydrochar derived at 220_8 h. Similarly, the lowest value of the Hf index for USF suggests
better combustion properties [35,36]. A few trends can be noticed when comparing results
calculated for hydrochars obtained at different parameters. Prolonging the reaction time
from 1 to 8 h causes a decrease in fuel properties estimated by combustibility indices. By
comparing the processing temperature, the following observation could be made: when a
higher temperature was applied, stronger effects were observed. In addition, it should be
noted that the HTC process increased the ignition temperature but a longer residence time
caused a decrease in its value, whereas the burnout temperatures were lower for hydrochars
than for feedstock. At the same time, the first DTG peak occurred at a higher temperature
for hydrochars, approximately 330 ◦C, than for feedstock, 289 ◦C. A similar observation on
the influence of HTC on the combustion process was presented by Arellano et al. [45]. In
summary, hydrothermal carbonization does not significantly improve the fuel properties
of the under-sieve fraction of municipal solid waste, but it probably slightly improves the
stability of the combustion process due to the release of a lower content of volatile matter.

Table 2. Combustion parameters estimated by means of thermogravimetric analysis.

Ti◦C
ti

min
Tb◦C

tb
min

T1◦C
t1

min
DTG1

%/min
t0.5

min
DTGmean
%/min

Di
%·min−3

Db
%·min−4

S
%·min−2·◦C−3

Hf◦C

USF 247 21.77 489 45.47 289 25.85 5.973 23.08 1.097 0.0106 22.0 × 10−5 22.0 × 10−8 880.3
200_1 h 288 26.32 443 41.80 327 30.10 5.934 27.80 1.007 0.0083 18.0 × 10−5 16.7 × 10−8 1069.4
200_4 h 276 25.17 443 41.85 329 30.33 3.822 26.85 0.782 0.0053 10.9 × 10−5 8.7 × 10−8 1146.2
200_8 h 273 24.85 442 41.72 330 30.45 2.697 26.32 0.945 0.0048 10.6 × 10−5 9.7 × 10−8 1057.0
220_1 h 282 25.12 464 42.98 326 29.38 6.099 26.78 0.765 0.0075 17.0 × 10−5 12.4 × 10−8 1174.9
220_4 h 265 23.45 463 42.87 325 29.28 3.624 26.58 0.684 0.0050 11.2 × 10−5 7.8 × 10−8 1207.3
220_8 h 256 22.60 477 44.32 332 29.87 3.207 22.80 0.565 0.0036 8.1 × 10−5 4.6 × 10−8 1267.5
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Figure 5. Summary of TG and DTG curves for each experiment conducted at 200 ◦C and 220 ◦C for 1,
4, and 8 h.
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Figure 6. Comparison of TG and DTG curves for samples hydrothermally treated at 200 and 220 ◦C.

3.2. Fourier-Transform Infrared Spectroscopy

Hydrochars present a similarly shaped curve on the FTIR diagram (Figure 7) as
untreated USF. The most important peaks with corresponding bonds are illustrated in
Table 3. The increase of the reaction time caused a decrease in the peaks, which became less
distinguishable. Nevertheless, a wide mound at approximately 3100–3600 cm−1 that spiked
at approximately 3330–3340 cm−1 is identified as a characteristic stretching O–H vibration
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in hydroxyl or carboxyl groups. Its decrease with a longer reaction time and higher
process temperature indicates that those factors facilitate dehydration [46,47]. Double
peaks, in the range of 2860–2930 cm−1 represent the stretching vibration of the C–H bond
in aromatic and aliphatic compounds. Their presence indicates unsaturation [21,48]. The
disappearing peak at 1740 cm−1 is associated with the stretching of C=O in alkali esters in
hemicellulose. The decreasing signal at approximately 874 cm−1 supports degradation of
hemicellulose in HTC conditions. Moreover, the peaks at 1516 cm−1 and 1454 cm−1 are
clearly visible for the sample after hydrothermal carbonization and prove the presence of
lignin, which has a higher decomposition temperature than hemicellulose. The degrading
peak at 1102 cm−1 corresponds to C-O vibrations in cellulose. Additionally, the change in
the peaks at approximately 1155 cm−1 suggests its mild degradation. The highest peak,
which for all samples has a maximum of approximately 1030 cm−1 and merges with the
signal at 1051 cm−1, is from the stretching vibration of the C–O bond in aliphatic ether
and alcohol, respectively [49]. The results confirm that USF has some organic origin. The
decrease in intensity of the signal for the hydrochars can be associated with the fact that
some of the bonds were broken during the hydrothermal process.

3.3. Scanning Electron Microscopy with Energy Dispersive X-ray Spectroscopy

In the images received via scanning electron microscopy (Figure 8) a fibrous structure
of untreated under-sieve fraction of municipal mixed waste can be seen. The hydrothermal
carbonization process significantly alters the structure and morphology of the material. In
Figure 8b there are still many elongated particles visible, however they are much shorter
than those presented for untreated USF in Figure 8a. In the following Figure 8c,d, samples
after a longer residence time are depicted. The open, circular pores in Figure 8c prove that
some of the volatile matter is released during the HTC process, which may cause higher
surface degradation but also a higher specific surface area. It can be seen that with an
increase in the residence time of the process, the quantity of fine particles also increases.
This can influence not only the combustion behavior of hydrochar but also its dewaterability.
EDS analysis (Table 4) distinguished mainly carbon and oxygen, but calcium, silicon, and
sulphur can also be observed, among other elements. This provides valuable information
concerning potential challenges, such as slagging and fouling or corrosion, which may
occur in a scaled-up process [50,51].

Table 3. Indicator bands, their vibrations, and corresponding functional groups.

Wavenumber (cm−1) Vibration Functional Group or Component

3600–3100 O-H stretch hydroxyl or carboxyl group
2930–2860 C-H stretch aliphatic methylene group

1740 C=O alkali esters in hemicellulose
~1515 C=O lignin
~1455 C-H lignin
1102 C-O cellulose
1050 C-O stretch alcohol
1030 C-O stretch aliphatic ether

Table 4. Results of EDS analysis (ZAF method), wt%.

C
K

N
K

O
K

F
K

Cu
L

Na
K

Mg
K

Al
K

Si
K

P
K

S
K

Cl K
K
K

Ca K Ti K Fe K

USF 66.31 1.24 28.87 0.15 0.19 0.33 0.17 0.33 0.74 0.00 0.17 0.20 0.09 0.86 0.08 0.27
220_1 h 66.95 1.45 28.29 0.08 0.08 0.28 0.21 0.38 1.21 0.06 0.16 0.05 0.05 0.52 0.14 0.10
220_4 h 75.21 0.99 20.94 0.08 0.13 0.19 0.16 0.32 1.09 0.02 0.17 0.03 0.00 0.39 0.08 0.20
220_8 h 75.37 1.20 19.83 0.08 0.20 0.16 0.16 0.40 1.21 0.06 0.27 0.08 0.10 0.47 0.16 0.25
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Figure 7. FTIR spectra of the USF and hydrochars.
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Figure 8. SEM images of (a) USF and hydrochars produced at 220 ◦C for (b) 1 h; (c) 4 h; (d) 8 h.

4. Conclusions

Hydrothermal carbonization of the under-sieve fraction of municipal mixed solid
waste was performed. Conducted analyses proved that the hydrothermal process altered
the structure and other physical and chemical properties of USF. The most promising
results were found for hydrochar produced at 220 ◦C for 1 h leading to a better com-
bustion performance and providing a more stable and a less violent flame. This was
confirmed by combustibility indices S = 12.4 × 10−8%·min−2·◦C−3, Hf = 1174.9 ◦C, and
Di = 0.0075%·min−3, which in comparison to USF decreased by 44%, increased by 33%,
and decreased by 29%, respectively. The correlation between the process parameters and
the analysis results was proved. The changed morphology after the hydrothermal process
results in easier grinding, handling, and dewatering of hydrochars. Further, detailed analy-
sis may aid understanding in how process parameters influence the specific properties of
hydrochars. Nevertheless, an improvement in the performance of mixed solid waste as a
fuel by transforming it into hydrochar was confirmed.
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17. Aragon-Briceño, C.; Pożarlik, A.; Bramer, E.; Brem, G.; Wang, S.; Wen, Y.; Yang, W.; Pawlak-Kruczek, H.; Niedźwiecki, Ł.;
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Abstract: Adsorption chillers produce cold energy, using heat instead of electricity, thus reducing
electrical energy consumption. A major industrial waste, fly ash, can be converted to zeolite and
used in adsorption chillers as an adsorbent. In this research, three different types of zeolites were
synthesised from fly ash via a hydrothermal reaction in an alkaline solution (NaOH). The obtained
samples (Na-A zeolites) were modified with K2CO3 to increase the water adsorption capacity of
these samples. Phase and morphology analyses shows that desired zeolites formed properly but
other crystalline phases also exist along with nonporous amorphous phases. The determined specific
surface areas for Na-A zeolite (12 h) and Na-A zeolite (24 h) are 45 m2/g and 185 m2/g respectively,
while the specific surface area for synthesized 13X zeolite is almost negligible. Water-isotherm for
each of these samples was measured. Considering the application of adsorption chillers, average
adsorption capacity was very low, 1.73% and 1.27%, respectively, for the two most probable operating
conditions for synthesized 13X zeolite, whereas no water was available for the evaporation from Na-A
zeolite (12 h) and Na-A zeolite (24 h). This analysis implies that among the synthesized materials
only 13X zeolite has a potential as an adsorber in sorption chillers.

Keywords: adsorption chiller; fly ash; Zeolite; XRD; specific surface area; water adsorption

1. Introduction

Modern civilization is driven mostly by energy. The development and application
of the latest technologies largely depend on non-renewable energy. The main sources of
this energy are fossil fuels, such as natural gas, oil and coal. There are two main problems
associated with the consumption of fossil fuels. The first one is the scarcity of these sources,
as they are running out quickly. Secondly, the consumption of fossil fuels is the main
reason for the greatest environmental problems associated with releases of greenhouse
and hazardous combustion by various products, including CO2, NOx, SO2, heavy metals
and dust. Moreover, the demand for energy is increasing day by day. Therefore, the
development of sustainable energy systems is both needed and required.

Due to serious climate changes and an urgent need to increase thermal comfort in
indoor spaces, the demand for cooling is increasing rapidly. Common air-conditioning and
refrigeration systems are usually driven by electricity. Between 2003 and 2004, the electricity
used for air conditioning in USA constituted 15.4% of total electricity consumption. In
Shanghai city, China, the electricity used for air conditioning constituted 45 to 56% of total
electricity consumption in the summer of 2010 [1]. In 2019, 8.5% of total generated electricity
was used for space cooling. Energy demand for this purpose has increased more than three
times from 1990 [2]. It demonstrates how fast the demand for space cooling is growing
and will grow in the future. It has been projected that the number of air-conditioning units
will increase up to 5600 million in 2050 from almost 1600 million in 2016, with significant
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increases in countries such as China and India [3]. So, electricity consumption will also
increase for the purpose of space cooling. This electricity mainly comes from fossil fuels.
In the year 2018, coal, natural gas and oil constituted 39%, 26% and 3% of total electricity
generation [4]. Additionally, electricity production has low efficiency, around 40–50%, and
the temperature of the waste heat ranges between 70–200 ◦C [1]. It ultimately affects the
environment. Furthermore, chlorofluorocarbons (CFC), which was used for refrigeration,
caused significant damage to ozonosphere, which stops the dangerous ultraviolet rays that
originate from the sun. Hydrochlorofluorocarbons (HCFC) are only a temporary alternative
because they also create a greenhouse effect and cause damage to the ozonosphere [1].

Renewable energy resources, such as solar energy and geothermal energy, together
with waste energy resources with low to very low temperature ranges are available. An
adsorption chiller can be employed to utilize these small temperature range heat resources.
There are existing sorption refrigeration and heat pump technologies that can be run with
such low-grade heat and also use environmentally friendly refrigerants [1]. Adsorption
refrigeration technologies can use different adsorbents which can be operated with low-
grade heat, for instance, the zeolite–water pair works in the range of 70–250 ◦C, silica
gel–water pair works in the range of 55–120 ◦C, the activated carbon–methanol pair the
works up to a temperature of 120 ◦C and the activated carbon–ammonia pair usually
works up to temperatures of 150 ◦C (can be used even for 200 ◦C or more) [1,5]. The
commonly used refrigerants are water, ammonia, methanol, etc. These are called green
refrigerants because they have no ozonosphere depletion potential (ODP) or greenhouse
warming potential (GWP). Additionally, the adsorption refrigeration system has other
advantages over absorption systems, e.g., this equipment does not include a solution pump
and rectification equipment. Moreover, solution crystallization is absent for such a system.
However, there are additional drawbacks as well. Adsorption refrigeration is not as efficient
as absorption refrigeration and the volume and mass of this system is also large [1].

The silica gel–water adsorption chiller has been marketed successfully, but there
is still much space for improvement in the adsorption refrigeration system. The focus
should be given to the factors that can improve the performance of adsorption refrigeration
technology, such as adsorption working pairs and their working mechanisms, the structure
and design of adsorption refrigeration devices, the improvement of heat and the mass
transfer of the adsorption/regeneration bed, etc. [1].

The presented study is dedicated to the analysis of fly ash-derived zeolites as potential
candidates for an adsorption chiller. Zeolites are microporous materials that contain
aluminium, silicon and oxygen in their main three-dimensional, crystalline structure and
also carry cations and water [6]. The general chemical formula of zeolite is as follows:
My/n[(AlO2)y(SiO2)m]zH2O [1]. The water contained in pores and cavities in the structural
composition of zeolites can be removed upon the application of heat [7]. High thermal
and mechanical stability make zeolites proper candidates for adsorption chiller adsorbents,
usually in a working pair with water. This working pair is characterised by a heat of
adsorption equal to 3200–4200 kJ/kg [1].

In the tetrahedral structure, zeolite includes silicon cations (Si4+) and aluminium
cations (Al3+). These ions are bonded with four oxygen anions (O2−). Thus, oxygen ions
connect the tetrahedrons. The ratio of Si:O is 1:2 [7].

The Na-A zeolite is one of the aluminosilicate molecular sieves with a Si/Al ratio of 1,
also known as Linde Type A with the composition (Na+

12(H2O)27|8[Al12Si12O48]8 [8]. The
framework includes β-cages (SOD) and α-cages (supercages). Four-membered rings (D4R)
link the β-cages with each other and form an inner cavity [9]. The diameter of the super
cage is 11.4 Å and the aperture size is 4.1 Å. The Na+ ion can be replaced with K+, reducing
the pore opening, and replaced by Ca2+, increasing the pore opening [8]. It can be used as a
desiccant, catalyst and also in cation exchange [8,10].

The Na-X zeolite has a Si/Al ratio that varies from 1 to 1.5 with a faujasite-type (FAU)
structure that has the chemical formula (Ca, Mg, Na2)29 (H2O)240|[Al58Si134O384] [11]. The
framework includes β-cages (SOD) and α-cages (supercages). Double six-membered rings
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(D6R) link the β-cages with each other and form an inner cavity [9]. The diameter of the
super cage is 13 Å and the aperture size is 8 Å [9,12]. There are several uses of the FAU
type zeolites, such as ion exchangers, adsorbents or catalysts, in chemical or oil refining;
natural gas purification from sulphur compounds; drying oils and gases; separation of
hydrocarbon mixtures; sorption of radio nuclides; etc. [13].

The evaluation of synthetic zeolite production from different materials, such as clay
minerals, low carbon materials and fly ashes, allowed the production of new value-added
products and their use in industry, in particular the agriculture, biochemical and chemical
sectors. The utilisation of fly ash as a feedstock for zeolite synthesis subscribes to waste min-
imization strategies and circular economy concepts, but it requires the elaboration of special
procedures. The most often used and well-known synthesis methods are hydrothermal
synthesis, molten salt method, alkali activation and microwave synthesis [14,15].

The performance of the adsorption chiller largely depends on the performance of the
adsorption and desorption of the adsorbent, namely the amount of adsorbed refrigerant,
the time required to reach equilibrium, the temperature of adsorption and desorption, the
heat of adsorption and desorption, the heat and mass transfer of the adsorber bed, etc. [1].
The purposes of the present work included the synthesis of Na-A and 13X zeolite from
fly ash and the analysis of the potential application of these adsorbents compared to the
performance of silica gel with regard to the adsorption chiller.

2. Material and Methods

2.1. Zeolites Preparation Methods

The fly ash used for zeolite synthesis was collected from a power plant located in
Poland. The composition of the fly ash was as follows: SiO2 = 45.50%, Al2O3 = 23.10%,
Fe2O3 = 7.38%, CaO = 6.30%, MgO = 4.22%, Active CaO + MgO = 0.55%, S = 0.54%,
SO4

2− = 1.62%, TiO2 = 0.72%, P2O5 = 0.29%, Mn3O4 = 0.17, Na2O = 1.55%, K2O = 2.96 and
Combustion Loss = 6.42%. Three types of zeolites were prepared and modified with K2CO3
to further develop the adsorption capacity of these materials.

The procedure of the Na-A zeolite (12 h) preparation was conducted using dry fly ash,
which was mixed with NaOH into a mass ratio of 5:6. The mixture was milled and exposed
to a temperature of 550 ◦C in a muffle furnace for 1 h. The mixture after heating was cooled
down to room temperature and milled for 1 h. It was then mixed with distilled water at a
4:1 ratio. The obtained slurry was stirred at room temperature for 12 h. After this stage,
the mixture (solid and liquid phases) sample crystallization was obtained at 100 ◦C for
12 h. The obtained zeolite was washed with distilled water to remove NaOH and reach c.a.
pH = 7 and filtered. The obtained material was dried at 100 ◦C for 12 h.

The procedure of the Na-A zeolite (24 h) preparation was similar to the methodology
for the Na-A zeolite sample (12 h), but the crystallization time at 100 ◦C was extended up
to 24 h.

Both Na-A zeolites were modified with K2CO3. In this step, the obtained zeolite was
mixed with K2CO3 at a ratio of 2:1 (by weight) and dissolved in distilled water at a ratio
of 1 g to 5 mL. The obtained slurry was stirred at room temperature for 24 h. Modified
zeolite was filtered and dried at 60 ◦C for 12 h. The last step was the calcination, which was
performed in a muffle furnace at 300 ◦C for 4 h.

During 13X Zeolite preparation, fly ash was first calcined in a muffle furnace at 800 ◦C
to remove the remaining carbon and volatile matter. To enhance the activity, thermal
stability and acidity of the zeolite, the removal of Al and Fe was performed by treatment
with hydrochloric acid. The calcined sample was treated with 1 M HCl. Dried pre-treated
fly ash was then mixed with NaOH at a ratio of 1.5:1 (by weight). This mixture was exposed
to 550 ◦C for 1 h and later cooled down to room temperature. The obtained mixture was
milled and distilled water was added at a ratio of 10 g fly ash/100 mL water. The obtained
mixture was stirred for 12 h. Then, it was allowed to settle at 90 ◦C for 6 h. After that,
distilled water was used to wash the sample and filtered to remove the remaining sodium
hydroxide and was later dried at 100 ◦C for 12 h.
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2.2. Surface Area Analysis

The nitrogen gas adsorption method was used at −196 ◦C using Gemini V 2.00;
model 2380. All the samples were degassed overnight at 250 ◦C under vacuum before
measurement. The surface area of the samples was determined using the BET model.

2.3. Phase Analysis

The analysis of the crystalline phases was carried out by X-ray diffraction using an
XRD DX-27mini manufactured by HAOYUAN. Analyses were performed at a 2θ angle
measuring range from 5◦ to 110◦ with a step of 0.02◦ 2θ. The tube voltage and the tube
current were 35 kV and 12 mA, respectively. The percentage of crystalline phases was
determined by a semi-quantitative method and was implemented to Malvern Panalytical’s
HighScore Plus software using PDF4+ database (2012 version). The relative intensity of the
reflections of the phases was compared with references included in the ICDD database and
the phase composition was determined for studied samples.

2.4. Morphology Analysis and Semi-Quantitative Analysis of Synthesised Zeolites Using Scanning
Electron Microscopy with Energy Dispersive Spectroscopy (SEM–EDS)

The surface structure of the samples and the chemical composition of selected areas on
their surfaces were analyzed using the scanning electron microscopy with energy dispersive
spectroscopy (SEM–EDS method). The images and chemical composition analysis (EDS)
were performed using a Prisma E scanning electron microscope manufactured by Thermo
Scientfic, Waltham, MA, USA.

2.5. Water Adsorption Isotherm Determination

The amount of adsorbed water, so-called water uptake was measured using a gravi-
metric method in a DVS vacuum-surface measurement system presented in Figure 1. It is
able to perform multi-component experiments using vapor and/or gas sorbate molecules
with the in situ samples, degassing up to 400 ◦C and high vacuum [16]. This device is
used to analyse the performance of porous materials, such as zeolites, porous polymers,
composites, aluminophosphates (AlPOs) and silica aluminophosphates (SAPOs), silica gels,
activated carbons and metal organic frameworks (MOFs) [16].

 
Figure 1. DVS Vacuum Surface Measurement System.
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About 25 to 30 mg of the sample was analysed during the sorption capacity tests. In
this study, the adsorption and desorption processes were analysed in the water vapor P/P0
range from 0 up to 90%. Five process temperatures were selected in this study: 25, 35, 45,
55 and 65 ◦C; relative pressure step (P/P0) was set to 10%; and time duration for each step
was 20 min. The activation temperature of 170 ◦C was set for 90 min to dry and degas
the analysed sample prior to the experiment; the incubator temperature (same as system
temperature) and vapor flow rate were 25/65 ◦C and 50 cm, respectively.

3. Results and Discussion

The results of the performed experiments are presented and discussed in detail in this
section. Adsorbents were compared according to their thermal and sorption properties. An
additional comparison with previously published studies was performed.

3.1. Sample Characterization—Surface Area Analysis

Low-temperature gas adsorption results obtained from the studied samples allow for
the determination the porosity of the samples (Figure 2). The results for the silica gel sample
confirmed the mesoporous nature of the material with the highest adsorption capacity up to
0.4 P/P0, a specific surface area for this sample was 613 m2/g, and a total porous volume of
0.314 cm3/g. For the synthesized Na-A zeolite (12 h), the observed isotherm demonstrated
lower adsorption capacity than expected for pure NaA, and the obtained specific surface
area was only 45 m2/g. The specific surface area for commercial A-type zeolite, as noted
in the literature, is around 850 m2/g [11], suggesting that the synthesized sample has a
lower than expected share of zeolites in its structure. Thus, this result indicates that the
conversion of fly ash to zeolite was very low. From XRD analysis, it has also been found
that the desired zeolite was formed along with additional non-porous crystalline phases.
These phases can block void spaces. Additionally, there are present amorphous phases
which are apparently nonporous. This resulted in a lower specific area. Additionally, it has
been found that the total porous volume is 0.109 cm3/g for the Na-A zeolite (12 h). The
synthesis for 24 h resulted in a sample with better adsorption properties. The obtained
specific surface area of the Na-A zeolite (24 h) is 185 m2/g, which is 78% lower compared to
commercial A zeolite, suggesting that the synthesized sample has a smaller share of zeolite
but is also significantly better that the sample obtained within a 12-h synthesis. Similar to
the previous case, phase analysis shows that the desired zeolite was formed along with
some nonporous crystalline phases, resulting in a lower specific surface area. The total
porous volume of this sample was 0.171 cm3/g.

Figure 2. Adsorption Isotherm for Different Samples (at −196 ◦C).

For both synthesized 13X zeolite and fly ash, which was the raw material for zeolite
synthesis, the obtained specific surface area was almost negligible. This suggests that these
are almost nonporous materials. However, phase analysis results showed that desired
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zeolite was formed. Based on phase analysis and surface area analysis it can be seen that
only a very small portion was converted to zeolite, and the sample contains a significant
amount of non-porous amorphous mass.

3.2. Sample Characterization—Morphology Analysis and Semi-Quantitative Analysis of Synthesised
Zeolites Using Scanning Electron Microscopy with Energy Dispersive Spectroscopy (SEM–EDS)

The structural and morphological analysis of obtained zeolites was performed and
the images are presented in Figure 3. The obtained materials are composed of irregular
particles of different sizes and shapes. The microscopic photographs enable the analysis
of the crystalline structure of obtained zeolites. In the case of Na-A zeolite (12 h) and
13X zeolite synthesized from fly ash, a well-developed, regular structure, characteristic
for zeolites was observed, whereas in the case of the Na-A zeolite (24 h) sample, the
structure was more irregular and crystals were present only locally. All samples present a
mesoporous structure with a possible presence of micropores.

Na-A zeolite (12 h) Na-A zeolite (24 h) 13X zeolite 

   

   

   

   

Figure 3. Morphology of synthesized zeolites.

The energy dispersive spectroscopy (EDS) technique is generally used for the qualita-
tive analysis of materials, but in this study semi-quantitative results for major components
was provided to define the Si/Al ratio for the synthesised materials. The results are pre-
sented in Table 1. The type of zeolites depend on the content of SiO2 (the molar ratio of
Si/Al). The ratio of Si/Al determines the properties of zeolite. Low-silica zeolites are
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characterized by a higher acid proofness, noticeable stability at higher temperatures and
hydrophilicity. On the other hand, high-silica zeolites are more hydrophobic and have high
ions exchange features.

Table 1. Semi-quantitative analysis of selected components of produced zeolites.

Na-A Zeolite (12 h), mol% Na-A Zeolite (24 h), mol% 13X Zeolite, mol%

Na 30.6 22.1 22.7

Si 28.4 19.5 37.8

Al 24.3 16.1 21.7

Si/Al 1.17 1.21 1.74

The highest molar Si/Al ratio was obtained for 13X zeolites, treated with HCl before
crystallization to minimize Fe and Al content. A similar Si/Al ratio was achieved for Na-A
zeolites whose crystallization time was different and does not influence the relationship
between silicon and aluminium content.

3.3. Sample Characterization—Phase Analysis

The X-ray diffractograms of two commercial zeolites, 4A and 5A, are presented and
compared with the obtained Na-A zeolites in Figure 4. For commercial 4A zeolite, numerous
peaks were noted at 7.2, 10.18, 12.48, 16.12, 21.7, 24.02, 27.14, 29.98, 32.6 and 34.22, in the
case of the second commercial zeolite (5A), similar peaks were noted. For synthesized
Na-A zeolite (12 h), reflections were noted at 13.0, 24.22, 28.06, 31.46, 34.56, 42.7, 51.9, 58.08,
60.12, 61.96, 63.88, 69.38 and 78.2. The similarity between commercial and synthesized
Na-A zeolite in the case of phase analysis was achieved only to a minor extent. Other peaks
were noted as well, which indicate the presence of other crystalline phases. Other detected
phases are potassium aluminium silicon oxide and sodium calcium aluminium silicate
hydrate. Zeolite constitutes 66% of the total crystalline phase and the rest of the crystalline
phases constitute 34%.

Figure 4. Phase Analisis Result Comparison, Commercial 4A Zeolite, Commercial 5A Zeolite, Synthe-
sized Na-A Zeolite and Synthesized Na-A Zeolite (24 h).

For the synthesized Na-A zeolite (24 h), several reflections were noted at 13.88, 24.16,
28.94, 32.24, 32.5, 37.82, 40.2, 42.54 and 55.78 and a higher amorphous phase content was
also noted in this case. Other peaks were observed as well, which indicate the presence
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of other crystalline phases. Other detected phases are calcium hydroxide and potassium
hydrogen carbonate. Zeolite constitutes 47% of the total crystalline phase and the rest of
the crystalline phases constitute 53%. Both Na-A synthesized zeolites were characterised
by a very similar composition.

The X-ray diffractograms of 13X commercial zeolite is presented and compared with
obtained 13X zeolite in Figure 5. For commercial zeolite, peaks are present at 6.13, 10.02,
11.75, 15.45, 18.46, 20.12, 23.34, 26.70, 30.94, 31, 32 and 33.65. For synthesised 13X zeolite,
reflections were noted at 6.16, 10, 11.78, 13.92, 15.46, 18.08, 20.08, 23.34, 24.3, 26.7, 29, 31,
32 and 33.86, which almost superimposes on the reflection peaks of commercial zeolite.
Some additional peaks are present as well, which indicate the presence of other crystalline
phases as well. Other detected phases are sodium hydrogen carbonate, CaCO3 and sodium
aluminium silicon carbonate oxide. Zeolite constitutes 60% of the total crystalline phase
and the rest of the crystalline phases constitutes 40%.

Figure 5. Phase Analisis Result Comparison: Commercial 13X Zeolite and Synthesized 13X Zeolite.

3.4. Adsorption Isotherm and Potential Use in Adsorption Chiller

The water intake was tested in the temperature range of 25–65 ◦C, the sorption isotherms are
shown in Figure 6 for silica gel as a reference material and for synthesized zeolites (Figures 7–9).

Figure 6. Adsorption and Desorption Isotherms for Silica Gel (at five process temperatures 25, 35, 45,
55 and 60 ◦C.
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Figure 7. Adsorption and Desorption Isotherms for Synthesized Na-A Zeolite (12 h) at five process
temperatures: 25, 35, 45, 55 and 65 ◦C.

Figure 8. Adsorption and Desorption Isotherms for Synthesized Na-A Zeolite (24 h) at five process
temperatures: 25, 35, 45, 55 and 65 ◦C.
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Figure 9. Adsorption and Desorption Isotherms for Synthesized 13X at five process temperatures: 25,
35, 45, 55 and 65 ◦C.

3.4.1. Silica Gel

Silica gel adsorbed 33.25% water vapor for P/P0 = 100% at 25 ◦C and 33.69% for
P/P0 = 100% at 65 ◦C. This amount was adsorbed within 25 min. Within this time, silica
gel almost reached its highest adsorption capacity. However, adsorption kinetics suggest
that it could have adsorbed and desorbed (for lower P/P0) more if the time for each step
had been increased. This would result in smaller hysteresis.

From the shape of the isotherm in Figure 5, it can be concluded that it is a type IV
isotherm [17,18]. It is a multilayer adsorption process. It also has a significant hysteresis
issue. The observed type H2(b) hysteresis usually results from pore neck blocking [18]. The
hysteresis loop becomes smaller with increased temperatures.

3.4.2. Synthesized Na-A Zeolite (12 h)

Synthesized Na-A zeolite (12 h) adsorbed 12.09% water vapor at P/P0 = 100% and
25 ◦C and 33.07% at P/P0 = 100% and 65 ◦C. This amount of water was adsorbed within
60 min. The adsorption kinetics showed that for higher pressures, if the time of adsorp-
tion had been increased, this sample would have been able to adsorb more water va-
por. However, for lower P/P0 (which is actually the working condition for adsorption
chillers [19–31]), equilibrium was almost reached in less than 20 min.

The shape of the isotherm is type IV. The flat region indicates monolayer adsorption,
followed by a rise which indicates multilayer adsorption. It is characteristic of mesoporous
materials [17,18], but this does not seem to be the case here. The adsorption in the lower
pressure region occurred due to the presence of zeolite. The increase in adsorption in
higher pressure regions occurred due to capillary condensation in intergranular voids.
Additionally, hydration probably played a part. It also has significant hysteresis.

The usual shape for commercial Na-A zeolite is Type I [32] and the adsorption capacity
is also very high at lower P/P0 compared to synthesized Na-A zeolite (12 h). For commercial
Na-A zeolite and synthesized Na-A zeolite (12 h), the adsorption capacity at 25 ◦C and
P/P0 = 20% is 28% and 1.66%, respectively. XRD and surface area analysis suggested that
other non-porous crystalline phases and amorphous phases are present, which explains the
reason for having different types of isotherms and lower adsorption capacity.
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Potential Use in Adsorption Chillers: The performance of the adsorption refrigera-
tion system is determined by COP and P. These two parameters largely depend on the
adsorbent–adsorbate working pair performance, such as how quickly the adsorbent can
adsorb and desorb the refrigerant and what amount of adsorbate will be taken by the
absorbent under given working conditions (pressure and temperature) [1].

As explained before, for this sample, the adsorption took 60 min. However, based
on adsorption kinetics for Na-A zeolite (12 h), it actually took less than 20 min to reach
equilibrium (almost) at lower P/P0, whereas for silica gel it was around 25 min. This
implies that the sample will have a better adsorption refrigeration cycle time compared to
silica gel.

To determine the potential of the Na-A zeolite (12 h) as an adsorbent in the sorption
chiller in working pair with water, conditions and performance of adsorption chillers were
taken from previously published papers [19–31]. For those chillers, during adsorption,
the pressure of the adsorbent bed is always lower, usually above 15% of the saturation
pressure, and can sometimes be as high as 45% [22–32]. The temperature usually ranges
between 25–40 ◦C [19–31]. During the desorption of the refrigerant the temperature varies
significantly (usually more than 65 ◦C and can be as high as 120 ◦C for solar energy as heat
resource), whereas the pressure is usually less than 5% of the saturation pressure of the
respective temperature and can sometimes be more than 10% as well [19–31]. Based on
these research works, two different working conditions have been considered.

First, for adsorption, 25 ◦C temperature and 30% of saturation pressure (for water
at 25 ◦C) were considered. In these conditions, silica gel (14.37%) adsorbed much more
water vapor than Na-A zeolite (12 h) (1.66%). For desorption, if the temperature 65 ◦C
and the pressure of 10% of the saturation pressure were considered, the water uptake
at this condition was 9.68% and 6.99% for synthesized zeolite and silica gel, respectively.
Therefore, under these conditions, the average adsorption capacity in the case of our sample
and silica gel are 0% and 7.38%, respectively. So, produced zeolite cannot produce any cold
energy and replace silica gel as an adsorbent for the adsorption chiller.

Second, for adsorption, 25 ◦C temperature and 20% of saturation pressure (for water
at 25 ◦C) were considered. In these conditions, silica gel (10.02%) adsorbed much more
water vapor than synthesized zeolite (1.16%). For desorption, at a temperature of 65 ◦C and
a pressure of 10% of the saturation pressure, the adsorbed amount at this condition is 9.68%
and 6.99%. Therefore, under these conditions, the amount of water refrigerant available for
evaporation at the evaporator in the case of the Na-A zeolite (12 h) and silica gel would be
0% and 3.03%, respectively. Thus, our sample cannot produce any cold energy and replace
silica gel as an adsorbent for the sorption chiller.

3.4.3. Synthesized Na-A Zeolite (24 h)

Synthesized Na-A zeolite (24 h) adsorbed 34.57% water vapor for P/P0 = 100% at 25 ◦C
and 59.33% for P/P0 = 100% at 65 ◦C (Figure 7). This amount of adsorption was achieved
in 60 min. The adsorption kinetics suggests that for higher pressure if we increased the
duration of adsorption, this sample would have been able to adsorb a little more water
vapor. However, for lower P/P0 (which is actually the working condition for adsorption
chiller [19–31]), equilibrium was almost reached in less than 20 min.

The shape of the isotherm is a type IV isotherm. The flat region indicates monolayer
adsorption, followed by a rise which indicates multilayer adsorption [17,18]. The adsorp-
tion in the lower pressure region occurred due to the presence of zeolite. The increase
in adsorption in the region of higher pressure occurred due to capillary condensation in
intergranular voids. It seems KHCO3 also contributed, while hydration probably also
played a part. It also has a significant hysteresis.

The usual shape for commercial Na-A zeolite is Type I and the adsorption capacity is
also very high at lower P/P0 compared to synthesized Na-A zeolite (24 h). For commercial
Na-A zeolite and synthesized Na-A zeolite (24 h), the adsorption capacity at 25 ◦C and
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P/P0 = 20% is 28% and 3.90%, respectively. The reasons again here are the presence of
non-porous crystalline phases and amorphous phases.

Potential Use in Adsorption Chillers: For this sample, the whole adsorption cycle took
60 min. However, the adsorption kinetics of the sample showed that it actually took less
than 20 min to reach equilibrium at lower P/P0, whereas for silica gel it was around 25 min.
This implies that the sample has better adsorption refrigeration cycle times compared to
silica gel.

Similar to the previous cases, two working scenarios were taken into consideration.
First, for adsorption, 25 ◦C temperature and 30% of saturation pressure (for water

at 25 ◦C) were considered. In these conditions, silica gel (14.37%) adsorbed much more
water vapor than the Na-A zeolite (24 h) sample (4.35%). For desorption, considering
the temperature of 65 ◦C and pressure of 10% of the saturation pressure, the adsorption
amounts at these conditions were 11.03% and 6.99% for synthesized zeolite and silica gel,
respectively. Therefore, under these conditions, the average adsorption capacity in the case
of our sample and silica gel are 0% and 7.38%, respectively. Thus, synthesized zeolite cannot
produce any cold energy and replace silica gel as an adsorbent for the adsorption chiller.

Second, for adsorption, the temperature of 25 ◦C and 20% of saturation pressure
(for water at 25 ◦C) were considered. In these conditions, silica gel (10.02%) adsorbed
much more water vapor than the zeolite sample (3.90%) at this temperature and pressure.
For desorption, if we consider the temperature is 65 ◦C and the pressure is 10% of the
saturation pressure, the adsorption amount under these conditions was 11.03% and 6.99%.
Therefore, under these conditions, the possible amount of water refrigerant available for
vaporization at the evaporator in the case of our sample and silica gel should be 0% and
3.03%, respectively. Additionally, in this case, the synthesized sample cannot produce any
cold energy and replace silica gel as an adsorbent for the adsorption chiller.

3.4.4. Synthesized 13X Zeolite

Synthesized 13-X zeolite (12 h) adsorbed 77.64% water vapor for P/P0 = 100% at 25 ◦C
and 100.9% for P/P0 = 100% at 65 ◦C. This amount of adsorption was achieved in 60 min.
The adsorption kinetics suggests that for higher pressure by increasing the adsorption time,
this sample would have been able to adsorb a little more water vapor. However, for lower
P/P0 (which is actually the working condition for adsorption chiller [19–31]), equilibrium
was almost reached in less than 25 min.

The shape of the isotherm for this sample is a type VI isotherm. Similarly to the
previous case, the flat region indicates monolayer adsorption, followed by a rise in two
different steps. The adsorption in the lower pressure region occurred due to the presence of
synthesized zeolite. The increase in adsorption in the region of higher pressure occurred due
to capillary condensation in intergranular voids. It seems that NaHCO3 also contributed,
while hydration probably played a part.

The usual shape for commercial Na-X zeolite is Type I [32] and the adsorption capacity
is also very high at lower P/P0 compared to the synthesized zeolite. For commercial zeolite
and synthesized zeolite, the adsorption capacity at 25 ◦C and P/P0 = 20% is 34% and 8.27%,
respectively. XRD and surface analysis suggests that there are other non-porous crystalline
phases and amorphous phases present, which explains the reason for having a different
type of isotherm and lower adsorption capacity. Additionally, we can say that only a small
amount of raw material is converted to zeolite.

Potential Use in Adsorption Chillers: As presented before, for this sample, the adsorp-
tion took 60 min. However, according to the adsorption kinetics, it can be concluded that
it actually took less than 25 min to reach equilibrium at lower P/P0. In fact, for higher
temperatures, it was less than 20 min. For silica gel, it was around 25 min. This implies
that for this sample adsorption refrigeration cycle, the time will be similar or less when
compared to silica gel.

At 25 ◦C and 30% of saturation pressure (for water at 25 ◦C) silica gel (14.37%) adsorbed
much more water vapor than the synthesized 13X zeolite (8.73%). For desorption, taking
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into consideration a temperature of 65 ◦C and a pressure of 10% of the saturation pressure,
the adsorbed amount of water vapor under these conditions was 7% and 6.99% for zeolite
and silica gel, respectively. Therefore, under these conditions, the average adsorption
capacity for 13X zeolite and silica gel would be 1.73% and 7.38%, respectively. The zeolite–
water vapor working pair produces cold energy, but it cannot replace silica gel as an
adsorbent for the adsorption chiller. In these working conditions, silica gel has the potential
to produce almost 4.3 times more cold energy than our samples.

Taking into consideration the decrease of pressure to 20% of saturation pressure (for
water at 25 ◦C), silica gel (10.02%) adsorbed much more water vapor than analysed zeolite
(8.27%). For desorption, if a temperature of 65 ◦C and a pressure of 10% of the saturation
pressure were considered, the adsorption amount would be 7% and 6.99%. So, under these
conditions, the amount of water refrigerant available for vaporization at the evaporator
for 13X zeolite and silica gel would be 1.27% and 3.03%, respectively. Similarly to the
previous case, zeolite will be able to produce cold energy, but it cannot replace silica gel
as an adsorbent for the adsorption chiller. For such working conditions, silica gel has the
potential to produce almost 2.4 times more cold energy than synthesized zeolite.

4. Conclusions

The results of the phase analysis showed that the targeted compound, such as Na-A
zeolite and 13X zeolite, were produced successfully from the fly ash using the applied
hydrothermal treatment. However, the presence of other non-porous crystalline phases
and amorphous phases was evident as well. In the respective samples, Na-A zeolite (12 h),
Na-A zeolite (24 h) and 13X zeolite constitute 66%, 47% and 60% of the total crystalline
phase. Through the impregnation of K2CO3 other phases were developed. Additionally,
the conversion percentage was low and for 13X zeolite it was very low. However, the
applied treatments increased the water adsorption capacity of the raw material.

The morphology of the samples analysed using a scanning electron microscope
showed that a well-developed crystalline structure was observed in the case of Na-A
(12 h) and 13X zeolites. A high-silicone 13X zeolite was obtained through the treatment of a
sample with HCl prior crystallization.

Considering the standard operating condition of an adsorption chiller, it has been
found that synthesized Na-A zeolite samples cannot produce any cold energy, whereas
the synthesized 13X zeolite has the potential to create cold energy. However, it cannot
replace silica gel (which is used commercially) as an adsorbent in an adsorption chiller. The
performance of zeolite is 2–4 times lower when compared with silica gel.

Different approaches can be used to obtain better zeolite synthesis from fly ash in
order to impregnate zeolite with K2CO3 without forming any other type of compound and
to improve the adsorption and desorption performances of these synthesized materials so
that they are suitable for adsorption chillers. Additionally, they could be used for other
purposes, such as water desiccant and CO2 capture. However, in order to test feasibility,
these possibilities will require further study.
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Abstract: The research undertaken in this paper was aimed at determining the effect of struvite
precipitation, one of the potential products that can be obtained during digestate management, on the
performance of the non-pressurized membrane process—forward osmosis (FO). The effect of using an
integrated struvite precipitation—forward osmosis process to treat the digestate liquid on the changes
in the properties of organic substances present in the treated solution (particle size distribution,
ζ-potential) was analysed as well. The study was conducted for the liquid fraction of municipal waste
biogas plant digestate. The obtained results demonstrate the suitability of this process for recovering
water from liquid digestate. It was found that forward osmosis conducted for a digestate pre-treated
by chemical struvite precipitation leads to higher water flux values and increased salt concentration in
the receiving solution (from 0.5 to 3 mol/dm3 NaCl). There is practically no concomitant infiltration
of organic substances into the receiving solution. Therefore, the use of 3 mol/dm3 NaCl as a draw
solution results in the recovery of the highest volume of water per unit of time. An analysis of
the particle size distribution shows that the removal of the macromolecular fraction of organic
compounds from the digestate mainly takes place simultaneously with the chemical precipitation of
struvite. It was found that an increase in the concentration of the draw solution, which allows for
greater water recovery, resulted in the aggregation of the concentrated organic molecules.

Keywords: digestate; municipal waste biogas plant; struvite precipitation; forward osmosis; size
distribution; zeta potential

1. Introduction

The operation of a biogas plant, regardless of type, is associated with the formation of
both biogas and a large amount of digestate as one of the products of organic substance
processing. Management of the resulting digestate is troublesome, which is why the
technology of waste processing in biogas plants needs to be improved, along with both
existing and developing methods of digestate management [1]. Because digestate is a
fertilizer and a source of water, it is extremely important to choose the right method of
purification to ensure that all valuable components can be recovered from the substance
previously treated as a troublesome waste. This is very important from the point of view of
implementing the circular economy.

Forward osmosis (FO), i.e., the diffusion of a solvent through a semi-permeable
membrane separating two solutions of different concentrations, may be an alternative
method of purifying the liquid fraction of the digestate to the processes currently in use.
At atmospheric pressure, water passes through a synthetic membrane from the solution
being treated to a concentrated receiving solution (the draw solution). The driving force of
the process is produced naturally, and is the result of the difference in the osmotic pressure
of the solutions on both sides of the membrane. The flow of water is spontaneous [2].
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This process does not require external energy other than the energy associated with the
circulation of solutions on both sides of the membrane, and continues until the osmotic
pressures of the solutions on both sides of the membrane equalize. The efficiency of FO
is highly dependent upon, among other things, the properties of the receiving solution.
This solution should be characterized by high osmotic pressure at the lowest possible
concentration, low viscosity, ease of recovery, and low purchase/production cost, and must
not exhibit toxicity. The most common receiving solutions are [3]:

• gases dissolved in water (SO2 or a mixture of NH3 and CO2)
• sugars (glucose, fructose, sucrose)
• inorganic salts (NaCl, MgCl2, CaCl2, Al2(SO4)3)
• organic salts (Na+ and Mg2+ salts of formic, acetic or propionic acid)
• hydrophilic magnetic nanoparticles.

FO uses non-porous asymmetric membranes manufactured from hydrophilic poly-
mers. The most common are membranes made of cellulose triacetate or composite mem-
branes containing a polyamide active layer [3]. Because the transport of water through the
membrane does not require hydrostatic pressure, the membranes used in FO can be thinner
than those used in reverse osmosis. To reduce flow resistance, the pores in the support layer
should be low in tortuosity [4]. FO is increasingly used in many fields of environmental
engineering, including those related to water and wastewater treatment [5–15]. While
there are many reports on the subject in the literature, at present there is relatively little
information on the direct use of this process to treat the liquid fraction of the digestate.
As an example, only the research presented by Wu et al. [10] shows that it is possible to
use FO for water recovery and struvite precipitation from agricultural digestate. In the
experiments described therein, more than 50% of water recovery was achieved, along
with a 99% removal of phosphate and 93% removal of ammonium nitrogen. In addition,
the studies by Camilleri-Rumbau et al. [16] indicate the high potential of this process for
purifying the liquid fraction of agricultural digestate. Regardless of the process conditions
used, ammonium nitrogen removal was at the 95.5% level. These authors suggest that FO
can be extremely useful for purifying the digestate, thus rendering it useful in agriculture.
Similar conclusions can be found in other publications [5,7,8,17]. In the case of treating the
liquid fraction of digestate from a biogas plant, the receiving solution can be a concentrate
of fertilizer substances [18–20]. The water from the digestate permeating the membrane
can be used to dilute this concentrate, as its original concentration may be too high for it to
be used directly in agriculture. Another example might be seawater or groundwater with
increased salinity, which might be made suitable for watering plants after dilution with
water extracted from the digest [21,22].

While many studies have been conducted on the agricultural biogas plant digestate
liquid fraction (e.g., [23–25]), there are few reports on the treatment of liquid municipal
waste biogas plant digestate. Furthermore, despite the examples of various applications of
the FO process cited earlier in the literature, to our knowledge there are no reports on the
application of the integrated struvite precipitation—forced osmosis process for treatment
of the digestate liquid fraction. The digestate liquid fraction is a mixture of many organic
and inorganic components; most of these can be utilized, however, they may negatively
affect the FO water recovery process. Thus, we decided to conduct a study to determine
the effect of struvite precipitation (as one of the potential products obtainable during
digestate management) on the performance of the membrane process. The effect of the
struvite precipitation–FO integrated process on the changes in the organic matter properties
present in the treated solution (particle size distribution, ζ-potential) was investigated, as
was its suitability for treatment of the liquid fraction of digestate from municipal waste
biogas plants.

2. Materials and Methods

The study was conducted for the liquid fraction of digestate from a biogas plant
processing the organic fraction of municipal waste. This fraction was from one of the
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Polish waste management plants located in the Lower Silesia province (50◦53′15.5” N
17◦23′28.0” E). It was separated from digestate pulp with sedimentation centrifuges. The
characteristics of the test solution are shown in Table 1. Physico-chemical analysis of the
solution was carried out according to the Standard Methods for the Examination of Water
and Wastewater, 23rd Edition [26].

Table 1. Properties of the liquid fraction of municipal digestate.

Index Value

pH 7.23
Temperature, ◦C 21

Conductivity, mS/cm 20.3
Dry residue, mg/dm3 55,820
Alkalinity, mmol/dm3 150

Total hardness, mval/dm3 753
Chemical oxygen demand (COD), mg O2/dm3 11,450

5-days biochemical oxygen demand (BOD5), mg O2/dm3 3600
Dissolved organic carbon (DOC), mg C/dm3 4210

N-NH4
+, mg/dm3 776

N-NO2
−, mg/dm3 5.9

N-NO3
−, mg/dm3 below level of detection

PO4
3−, mg/dm3 21.2

Mg, mg/dm3 235
Ca, mg/dm3 420
K, mg/dm3 3220
Li, mg/dm3 7
P, mg/dm3 21.4

The molar ratio of N:Mg:P in the test solution was 40.1:14.2:1; hence, there was a
need to dose the Mg and P compounds in order to ensure the optimal proportion of these
components for struvite precipitation. In the tests conducted, two chemical reactants
were added to the digestate solution: MgCl2 as magnesium supplement, and NaH2PO4 as
phosphorus supplement. Their characteristics are shown in Table 2.

Table 2. Characterization of the chemical reagents used in struvite precipitation [27,28].

Magnesium Chloride Monosodium Phosphate

manufacturer Chempur
chemical formula MgCl2 NaH2PO4

molar mass, g/mol 95.211 119.98
form solid solid
color colorless to white white to colorless
odour odourless n.a.

pH 5–6.5 (5%, 20 ◦C) 4–4.5 (5%, 20 ◦C)
density, g/cm3 1.57 (20 ◦C) 1.91 (20 ◦C)

solubility in water, g/dm3 2430 (20 ◦C) n.a.

The FTS H2O membrane from Sterlitech Corporation made of cellulose triacetate with
140 cm2 of effective filtration area was used to carry out FO. The manufacturer provides
that the membrane can operate in temperatures up to 50 ◦C and within a pH range of
3–7 [29]. According to our own measurements, its wetting angle is 32.2◦.

The integrated process involved a combination of struvite precipitation and FO. Exper-
iments related to the precipitation of struvite from the liquid fraction of the digestate were
carried out with parameters determined as being the most effective in earlier studies [30].
The process was carried out at pH 9.0. The sample of the digestate, with a volume of
500 cm3, was set on a Velp Scientifica FC6S mechanical stirrer. MgCl2 and NaH2PO4 were
then dosed into the sample at 1.318 g/dm3 and 2.084 g/dm3, respectively. The doses of the
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reactants were set such that after taking into account the concentrations of Mg2+, N-NH4
+,

and PO4
3− in the test solution, the molar ratio of N:Mg:P reached 5.13:1:1. The temperature

of the solution was 21 ◦C. After adding in the appropriate amount of reagents, the pH
was adjusted to 9.0 with 0.1 mol/dm3 NaOH. According to the literature, these properties
(temperature and pH) promote struvite precipitation [31]. The samples were then stirred
for 5 min at a rate of 160 rpm, followed by 30 min of sedimentation. The properties of the
solution obtained after struvite precipitation are shown in Table 3.

Table 3. Properties of the liquid fraction of municipal digestate after struvite precipitation.

Index Value

Conductivity, mS/cm 19.7
pH 9.0

COD, mg O2/dm3 10,360
BOD5, mg O2/dm3 3510
DOC, mg C/dm3 3990

N-NH4
+, mg/dm3 772

Mg, mg/dm3 23.1
Ca, mg/dm3 42.3
K, mg/dm3 2970
Li, mg/dm3 6.9
P, mg/dm3 1.9

The pretreated liquid (indicated in the text as solution A) was then subjected to FO
for 180 min. Experiments were performed using a laboratory SEPA FO CELL plant from
Sterlitech Corporation (Figure 1), with a 0.014 m2 membrane with an active layer facing
the feed solution. The installation allows for cross-flow separation tests, with a flow rate
in the range of 10–100 dm3/d and a maximum operating pressure of 6.9 MPa. Its main
elements include a SEPA FO cell (active surface dimensions: 0.97 mm × 14.7 cm × 9.53 cm),
a feed solution tank, a draw solution tank, two peristaltic pumps (Gear Pump Drive by
Masterflex) with variable flow rate and a pressure of 7.6 MPa that allows fluid circulation in
the system, and two digital balances (Isolab by Archem) for monitoring weight changes of
the feed and draw solution. The minimum volume of each tank was equal to 3.7 dm3. The
cross-flow velocity of fluid in the system was 0.2 m/s. In the experiments, NaCl solutions
of 0.5, 1, and 3 mol/dm3 were used as receiving (draw) solutions. During the process,
chloride concentration, conductivity, and DOC concentration were measured in the feed
solution and in the receiving solution.

All treatment experiments were duplicated.
Particle size distribution was measured by a Mastersizer 2000 laser diffractome-

ter (Malvern Panalytical Ltd., Malvern, UK) equipped with a HydroMu dispersion de-
vice (Malvern Panalytical Ltd., Malvern, UK) with a particle size measurement range of
0.1–2000 μm. During measurement, depending on the concentration of solid particles,
about 3 cm3 of the solution was added into a 700 cm3 beaker filled with water circulating
in the measuring cell. Particle size distribution was measured without ultrasound (the
suspension was circulated through the measuring cell, with no ultrasound generated), fol-
lowed by ultrasound sonication of the suspension (this took place in a beaker from which
the suspension was pumped and circulated through the measuring cell) until the particle
size distribution stabilized (i.e., until the disintegration of any agglomerates). Particle size
distributions were determined by a Nicomp 380 DLS apparatus (Nicomp Particle Sizing
Systems, Santa Barbara, CA, USA), in which the dynamic light scattering (DLS) method is
used to study particle size distributions in samples with particle sizes of 1 nm–5 μm [32].
The measurement was carried out in about 3.5 cm3 of diluted suspension placed in a
chamber. Using the Nicomp analysis algorithm, complex multimodal distributions were
analyzed with the highest resolution and repeatability.
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Figure 1. Diagram of the SEPA FO CELL installation (1—feed solution tank, 2—feed solution pump,
3—draw solution tank, 4—draw solution pump, 5—concentrate control valve, 6—draw solution
control valve, 7—concentrate pressure gauge, 8—draw solution pressure gauge, 9—concentrate flow
meter, 10—draw solution flow meter, 11—SEPA FO cell).

The ζ-potential was measured at 25 ◦C with a ζ-potential analyzer (Zetasizer 2000,
Malvern Panalytical Ltd., Malvern, UK). The diluted test solution was conditioned in a
beaker for 10 min at the specified pH. The pH was adjusted with sodium hydroxide or
hydrochloric acid. Then, the test solution was placed in an electrophoretic chamber by
means of a syringe. The value of the ζ-potential was determined as the average of five
successive measurements.

3. Results

The preliminary studies were aimed at determining the feasibility of precipitating
struvite from the liquid fraction of municipal-derived digestate. The research was intended
to find a way to both improve the final quality of the test solution and reduce the fouling
of membranes applied in the subsequent purification step. Figure 2 shows the removal
efficiency of selected components from samples of the liquid fraction of the digestate in
which struvite was precipitated by employing MgCl2 salt (which is an external source
of magnesium) and NaH2PO4 (which is an internal source of phosphorus). The adopted
molar ratio of N:Mg:P of 5.13:1:1 brought about a low degree of organic compound removal.
COD, BOD5, and DOC concentrations in the pretreated digestated (supernatant) decreased
by a maximum of 13% compared to the concentrations in the initial sample. The removal
efficiency of N-NH4

+ was 48%. The resulting effect may be partly due to the desorption
of gaseous NH3, which at pH 9 can account for about 30% of the ammonium nitrogen in
solution. The efficiency of magnesium and calcium ion precipitation from the digestate
was about 91%, while that of potassium was about 14% as compared to the concentration
in the initial sample. Negligible removal of Li occurred, along with an increase in the
concentration of Na ions, which is completely understandable due to the application of a
phosphorus source in the form of NaH2PO4 to the treated digestate. On the other hand,
the concentrations of phosphorus ions in the treated sample of digestate (84%) decreased
significantly. The adopted conditions are likely to have favored the precipitation of this
element in the crystalline form of potassium struvite (MgKPO4 · 6 H2O).
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Figure 2. Removal efficiency of selected contaminants in the analyzed sample during struvite precipitation.

An analysis of the precipitates performed with a scanning electron microscope (Figure 3)
confirmed that crystalline forms of struvite were separated from the solution of the liquid
fraction of the digestate as a result of chemical precipitation. The pictures show a large amount
of organic matter and a large number of microorganisms.

 
Figure 3. SEM images of sediment after struvite precipitation at a molar ratio of 5.13:1:1 from
municipal liquid digestate.

Studies on the purification of the liquid fraction of digestate by the integrated process
of struvite precipitation—FO were begun by determining the effect of the duration of the
process and the draw solution osmotic pressure (Table 4) on the flux of water permeating
the membrane from the solution of liquid digestate after struvite precipitation.
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Table 4. Properties of draw solutions.

NaCl Concentration Osmotic Pressure

[mol/dm3] [MPa] [atm]

0.5 2.478 24.46
1 4.985 48.93
3 14.87 146.8

Figures 4–6 present the results of experiments conducted with redistilled water as
a feed solution. Redistilled water can serve as a reference point for the results, as it has
negligibly low osmotic pressure and does not show the presence of any contaminants. It
was observed (Figure 4) that as the concentration of NaCl in the draw solution decreased,
the water flux declined. This was a result of the decreasing value of the driving force
of the process. In the case of FO of liquid digestate, similar trends were observed as for
redistilled water, with the flux values, however, being much lower than those measured for
water. This was due to the fact that the difference in osmotic pressures on both sides of the
membrane was smaller for the digestate solution/receiving solution combination than for
the redistilled water/receiving solution system. Analyzing the effect of process duration
on the change in water flux, it was noted that it successively decreases. This is due to the
decreasing osmotic pressure of the receiving solution and the progressive blockage of the
membrane. This effect was found regardless of the concentration of NaCl in the receiving
solution. In this respect, the results are consistent with the literature reports [33–35]. This
was due to the fact that the water diffused through the membrane, the receiving solution
diluted, and the water flux decreased as a result of the decreasing value of the driving force
of the process, which is the difference in osmotic pressures between the solutions on either
side of the membrane.
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Figure 4. Water flux time dependence of FO for different concentrations of NaCl in the receiving
solution for redistilled water and solution of the digestate after struvite precipitation.
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Figure 5. Changes of the conductivity in: (a) the draw solution and (b) the feed solution with the FO
process duration.

Figures 5 and 6 show the changes in conductivity and chloride concentration in the
feed and receiving solutions, respectively, as a function of time. The conductivity in the feed
solution increased slightly with process time, from 28.9 mS/cm to 34.2 mS/cm on average
(in the case of digestate solution after struvite precipitation) and from 0 to 1.9 mS/cm (in
the case of redistilled water) due to the reverse permeation of salts through the membrane.
The literature [36] indicates that the membrane used in FO with an average pore radius of
0.37 nm can retain most multivalent ions and organic pollutants. However, salt ions (a Na+

ion with a hydration radius of 0.36 nm and a Cl− ion of 0.33 nm) [37] were able to penetrate
the FO membrane, a phenomenon known as reverse salt transport. In the draw solution, on
the other hand, the conductivity decreased slightly over time as a result of dilution. Similar
trends were observed when analyzing chloride concentrations in both solutions. Over
time, the flow of water through the membrane caused dilution of the receiving solution.
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Concurrently, a small amount of salt permeated through the membrane in the opposite
direction (from the draw solution to the feed solution) due to diffusion (for the redistilled
water) and concentration (for the digestion fluid), causing the salt concentration in the
feed solution to increase on average down to 625 g/m3 and from 4850 g/m3 to 6820 g/m3,
respectively. Similar conclusions can be found in other works [38–41].
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Figure 6. Changes of chloride concentration in: (a) the draw solution and (b) the feed solution with
the FO process duration.

Due to the nature of FO processes, it was reasonable to check whether pollutants
present in the liquid fraction of the digestate after struvite precipitation, which is the feed
solution in the ongoing process, can permeate through the membrane into the receiving
solution (NaCl solution). This could negatively affect the subsequent regeneration of the
receiving solution and water recovery. The results presented in Figure 7 clearly show low
penetration of organic substances (<0.1%). The amount of organic matter as determined by
DOC concentration and colour increased to a non-significant degree with the duration of FO
and as the initial concentration of NaCl in the draw solution increased. For example, after
180 min of the process with a brine solution of 3 mol/dm3 NaCl as the receiving solution,
the DOC concentration was 2.3 g C/m3 due to the permeation of organic compounds and
the colour intensity was 5 g Pt/m3. COD and BOD5 were determined in the draw solution;
however, because the values were at a very low level they are not presented in the figure.
The results show that the FO membrane is an effective barrier to the transport of organic
compounds in the feed solution–receiving solution direction.
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Figure 7. Changes in DOC concentration and colour intensity in the draw solution with the FO
process duration.

Because the liquid fraction of the digestate in which struvite precipitation had previ-
ously been carried out was subjected to FO as a protection against excessive membrane
fouling, and samples of the purified liquid (FO feed) were analyzed for particle size dis-
tribution and changes in ζ-potential. The visual effect of the purification of municipal
digestion liquid at various stages, including by FO after struvite precipitation, can be
observed in Figure 8. As can be seen, the precipitation of struvite, with which part of the
organic matter (including compounds responsible for colour intensity), was separated from
the digestate solution, resulting in a decrease in colour intensity. FO used in the next step
to recover water affected the colour changes of the feed solution. The solution obtained by
applying 3 mol/dm3 NaCl as a receiving solution had the highest colour intensity after
FO. As shown in Figure 4, the use of 3 mol/dm3 NaCl as the draw solution produces the
highest flux of water and retrieves the largest amount of water, which results in the greatest
concentration of coloured substances in the feed solution. The lower colour intensity as
compared to the solution of the digestate treated with struvite precipitation of the liquid
after FO carried out with 0.5 and 1 mol/dm3 NaCl as the draw solution could be the result,
among other things, of a change in the chromophoric properties of the organic matter due
to the penetration of salt into the feed solution.

 
Figure 8. Visual changes in the quality of the liquid fraction of the digestate after successive stages of
purification (a—liquid raw digestate; b—solution A (after struvite precipitation); c—solution A after
FO with 0.5 mol/dm3 NaCl; d—solution A after FO with 1 mol/dm3 NaCl; e—solution A after FO
with 3 mol/dm3 NaCl).
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In addition, particle size changes were analyzed during integrated struvite precipi-
tation/FO. As shown in Figure 9, pretreatment of the digest by chemical precipitation of
struvite resulted in a significant reduction in the mean diameter of the particles present
in the tested solution. This confirms early observations that macromolecules and colloids
of the largest size are separated from the solution along with struvite. Measurements of
particle size distribution taken by means of the DLS method show that the finest particles
(about 675 nm) are present in the sample after FO, when a 0.5 mol/dm3 NaCl solution was
applied as the receiving solution. The increase in the driving force of the process (higher
concentration of NaCl in the receiving solution) resulted in an increase in the particle size
in the feed solution after FO (to about 807 nm and 1113 nm for 1 and 3 mol/dm3 NaCl,
respectively). This could have been a result of the concentration of the feed solution indi-
cated earlier and the formation of larger particles due to their bridging by salts permeating
from the feed solution.
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Figure 9. Average particle diameter in the tested solutions after struvite precipitation and FO.

The results of particle size distribution analyses based on the laser diffraction method
are shown in Figures 10 and 11. This method is employed under conditions of continuous
mixing and pumping of the dilute dispersion through the measuring cell. In this case,
there is no possibility of sedimentation of larger particles, which is otherwise common in
dynamic light scattering measurements, where the sample is placed in a cuvette and larger
particles settle on the bottom. For the raw digestate, lower and upper deciles of about 1 μm
and 34 μm were obtained, respectively, and half of the particle population had diameters
of up to about 7.7 μm. Sonication of the sample during measurement of the particle size
distribution of the raw digestate allowed the individual diameters (d10, d50 and d90) to
be reduced to 0.8, 4.6 and 23 μm, respectively (Figure 10). The analysis of particle size
distribution in solution A (Figure 11) revealed that the diameters of d50 and d90 decreased
to 2 μm and 19 μm, respectively, compared to the values obtained for the raw digestate.
In contrast, the lower decile remained virtually unchanged (about 0.9 μm). The use of an
integrated process combining struvite precipitation with FO did not practically change the
particle size distribution in terms of the finest and medium fractions. The only noticeable
differences were in the share of the largest particles. The results confirm that the digestate
particles form agglomerates that can be easily broken up.
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Figure 10. Raw digestate liquid fraction particle size distribution (red line—without sonication, green
line—with sample sonication).
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Figure 11. Particle size distribution for the liquid raw digestate, solution A (digestate after struvite
precipitation) and the feed solution (solution A after FO).

In the course of the study, the isoelectric point values of the particles were determined
in the liquid fraction of digestate, in the digestate after struvite precipitation, and in
the samples after integrated struvite precipitation/FO. This may be important from the
point of view of conducting the integrated process, as at the isoelectric point (pHIEP) the
particles have the lowest solubility, the smallest viscosity, and the smallest osmotic pressure.
Measurements of the ζ potential in the pH range from 1.2 to 12.7 allowed the pHIEP to be
determined. For all samples tested, the value was about 1.9 (Figure 12). Above pHIEP, the
value of the ζ potential was negative, reaching the lowest value of −33 mV for samples of
the digestate solution subjected to struvite precipitation and FO using NaCl solutions of
1 mol/dm3 and 3 mol/dm3. In general, the course of the correlation of ζ potential with pH
did not differ significantly between samples; only the raw digestate and the sample after
struvite precipitation showed lower values of ζ potential at the same pH. This may indicate
that despite the higher ionic strength in the samples after FO with electrolyte (NaCl), the
potential at the slip boundary is higher.
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The results obtained with the struvite precipitation—FO integrated process indicate
that it can be effectively used to treat the municipal digestate liquid fraction. The water
recovered from the digestate (after removal of excess salt or dilution) can be used agricul-
turally, e.g., for crop watering or fertiliser preparation. However, it should be kept in mind
that the efficiency of water recovery from the liquid fraction of the digestate preceded by
struvite precipitation is determined by the difference in electrochemical potential between
the feed solution and the receiving solution. As shown earlier, an increase in the salt
concentration in the draw solution causes a more intense reverse flow of salt into the liquid
to be concentrated, which adversely affects the properties of the liquid via increased salinity.
This may be undesirable, for example, when trying to use the concentrated digestate as an
organic fertilizer.

The proposed technological solution for the management of digestate, i.e., preceding
the water recovery stage using forward osmosis with struvite precipitation, fits the trend
of research aimed at promoting a closed-loop economy in the waste management sector.
Such an approach to the management of digestate has been presented, for example, by
Jurgutis et al. [42], who showed that digestate used as biofertilizer can affect soil properties
and plant growth. However, the work carried out thus far on incorporating the management
of digestate into the idea of a circular economy [43] has been limited mainly to the use of
its fertilizing properties (source of organic matter and certain elements needed for plant
growth). The proposed approach to processing the liquid fraction of the digestate makes
it possible to take advantage of the properties of this waste stream and allows for the
recovery of water, which is an extremely valuable and limited resource these days. Another
advantage of the proposed technology is that it requires much less energy consumption
than alternative processes used to produce fertilizers (i.e., thermal or vacuum processes [44])
or treat the liquid fraction of the digestate (i.e., pressure-driven membrane processes [45].
It should be borne in mind that in previous work, in an effort to close the circularity of
matter, the precipitation of struvite, for use as a mineral fertilizer was carried out during
the management/treatment of wastewater [46,47], while in our study [30] this fertilizer
was obtained from the liquid fraction of digestate, which shows the potential of this liquid
in terms of promoting a circular economy.
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4. Conclusions

The present study showed that the liquid fraction of the digestate generated during
the treatment of the organic fraction of municipal waste, when further processed using
an integrated process involving struvite precipitation and forward osmosis, can allow for
the obtaining of very valuable products such as struvite, concentrated organic matter, and
water. Any of these products can be used in agriculture; with natural, mineral and organic
materials in decline, as well as limited water resources, all sectors of the economy, including
waste management, are seeking to introduce the concept of a circular economy, in which
that existing waste products becomes a source of valuable raw materials. The precipitated
struvite and concentrated organic matter can be used as fertilizers, while the water can be
utilized to irrigate plant crops.

Studies on the effectiveness of digestate purification carried out by struvite precip-
itation and FO have demonstrated the usefulness of this process for recovering water
and valuable components from digestate obtained from municipal waste processing. The
research presented in this thesis leads to the following conclusions:

• Struvite precipitation allowed for organic compounds removal of 2.5–9.5% and re-
moval of Mg/Ca/P up to ca. 90%.

• A novel concept of struvite precipitation from liquid digestate applied at the solution
pretreatment stage before FO allowed us to obtain a final solution of significant quality
(DOC removed by 99.9%) and protected the membranes from excessive blockage.

• FO performed on a stream of digestate pretreated by chemical precipitation of struvite
yielded higher values of water flux, as the concentration of salt in the receiving
solution increased and there was practically no infiltration of organic substances into
the draw solution.

• The removal of the macromolecular fraction of organic compounds from the digestate
took place mainly simultaneously with the chemical precipitation of struvite.

• An increase in the salt concentration of the draw solution, which allowed for a greater
water recovery, resulted in the aggregation of the concentrated organic molecules in
the feed solution.

• The correlation of the ζ potential with pH did not change when comparing raw
digestate and concentrated samples (after process performance); pHIEP was about 1.9.
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Abstract: The synthesis and utilization of zeolites derived from fly ash (FA) gained significant atten-
tion years ago due to their potential to address environmental challenges and promote sustainable
practices subscribing to the circular economy concept. This paper highlights the recent findings
regarding the synthesis and utilization of zeolites derived from FA. It begins with a discussion about
the recent challenges regarding industrial waste management and statistics regarding its availability
on the global market with a special insight into the situation in Poland. The characteristics of FA
obtained from various fuels were presented and the main differences were highlighted. Then, dif-
ferent methods used for the synthesis of zeolites from FA were discussed in small and pilot scales
taking into consideration the main challenges and problems. The analytical methods used in porous
materials synthesis verification and properties determination were described. The sorption properties
of FA-derived zeolites were presented and discussed. Finally, the paper emphasizes the potential
applications of fly ash-derived zeolites in different fields. Their importance as sustainable alternatives
to conventional materials in industry, construction, agriculture, power, medicine, and other industrial
sectors was analyzed.

Keywords: fly ash; waste management; zeolite; circular economy

1. Introduction

The environment has been negatively affected by the exponential growth of our econ-
omy as well as our heavy dependence on conventional energy sources. The degradation
of the natural environment leads to severe climate changes. Another significant global
concern is the proper management of waste, especially industrial ones, like fly ash from
coal [1] and biomass-firing power plants [2,3].

Fly ash (FA) is a solid residue of fuel combustion in power boilers. It has a complex
composition depending upon the raw feedstock properties [4]. FA is mostly composed of
aluminosilicates [5] forming fine particulate matter captured using dust removal equipment,
ranging in size from 0.5 μm to 300 μm [6]. FA might be used directly as a waste material or
after preprocessing, like for example in zeolite synthesis. Zeolites are well-defined crys-
talline aluminosilicate porous materials, built up with a framework of alumina and silica
tetrahedrals [7]. These porous materials are composed not only of aluminum and silica,
but also oxygen, water, and cations such as Na+, K+, Mg2+, and Ca2+ as counterions [8,9].
Their general chemical formula is My/n[(AlO2)y(SiO2)m]zH2O [10], but water within their
structure can be removed with the application of heat [11]. In the tetrahedral structure,
zeolite includes silica (Si4+) and aluminum (Al3+) cations, which creates large negatively
charged channels. Therefore, the mechanism of adsorption using zeolites was identified to
be ion-exchange [12]. Additionally, their unique micro- and mesoporous structure, high
ion-exchange capacity, substantial specific surface area, and thermal stability contribute to
their prominent position in the industrial market [7].

Zeolites can be obtained from natural sources or synthesized using various methods [9].
There is a diverse array of natural zeolites, with more than 40 different varieties known.
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Among these, the most frequently encountered types are analcime, chabazite, heulandite,
phillipsite, and stilbite [13].

The evaluation of synthetic zeolite production using various materials like clay min-
erals, low-carbon materials, and FA has created new value-added products that find
applications in various branches of industry, agriculture, biochemical, and chemical sectors
such as catalysis [14,15], water treatment [16,17], and gas storage [18,19]. Utilizing FA as a
feedstock for zeolite synthesis aligns with waste minimization strategies and the circular
economy concept, but it requires specific procedures [20–22]. Commonly used and well-
known synthesis methods include hydrothermal synthesis [23], the molten salt method,
alkali activation, and microwave synthesis [24,25].

This study focuses on analyzing FA-derived zeolites for their potential use as adsorp-
tion materials in various industries. Recent findings in zeolite synthesis and utilization are
analyzed and presented.

2. Industrial Waste Management in Poland

2.1. Industrial Waste Generation Globally and in Poland—FA Generation and Utilization

The largest global coal fly ash (CFA) producers are India, China, USA, Russia, and
the EU [4]. China’s annual production of FA is equal to almost 500 million tons, but only
about 40% of this quantity is effectively utilized [26]. In India more than 230 million tons
of FA is generated but the waste is properly managed and 92% of FA is utilized [27]. In
the USA, FA generation has been decreasing since 2014, whereas the amount used in other
sectors is increasing and in 2021 more than 60% of coal combustion products were further
utilized [28]. A very low CFA utilization rate is observed in Russia, only 8% of CFA is
used [29].

Poland is one of the countries with the relatively lowest production of municipal solid
waste in the European Union [30]. Unfortunately, due to our heavy dependence on fossil
fuels in the production and energy sectors, there is a noticeable generation of industrial
waste. According to the Environment 2022 report published by Statistics Poland in 2021, a
total of 107.7 million tons of waste (excluding municipal waste) was produced, with over
61.9% coming from the mining and extractive industries. As much as 48% of the waste
was recovered, but only 7% was disposed using methods other than landfilling, and a
significant 44% of waste was landfilled (Figure 1). It is essential to remember that there
are also over 1811.4 million tons of waste currently being stored in Poland [31]. However,
only 10% of the total amount of FA generated each year is landfilled in Poland. Whereas
in China only 30% of CFA is used, mostly in building materials and the large amount of
3 billion tons of CFA is landfilled [32].

In Poland, the largest amounts of industrial waste are produced by industrial pro-
cessing plants (46.9%), as well as the mining (31.8%) and energy (18.6%) industries. Con-
sequently, the regions with prominent industrial activities generate the most significant
quantity of waste, mainly from metallurgical, mining, and energy sectors. The storage of
industrial waste leads to health hazards due to potential exposure to toxic and harmful
substances present in the waste. Industrial waste often contains heavy metals, as well as
aliphatic and aromatic hydrocarbons, and pesticides, all of which have physicochemical
and toxic properties that can endanger human health and the environment [33].

The improper location, construction, and operation of landfills, along with uncon-
trolled storage of industrial waste, create opportunities for the release of chemical sub-
stances from the accumulated waste, leading to potential threats to the environment [33].

The efficiency of the recovery process depends on the waste’s properties, its consistent
composition, and the level of contaminants present. In the case of waste generated during
the rinsing and purification of minerals, slag from smelting processes, soil and stones waste,
as well as mixtures of FA and solid waste from wet flue gas desulfurization and FA from
coal combustion, the recovery process is quite effective. However, for waste resulting from
the flotation enrichment of non-ferrous metal ores and mixtures of ash-slag from the wet
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disposal of combustion residues, the recovery process is conducted for less than 20% of the
generated waste (Figure 1).

Figure 1. Industrial waste generated and landfilled in Poland, data for 2021 [31].

The high utilization of FA in the industry is due to changes made in Poland since
1965; new regulations introduced the possibility of FA-doping cement [34]. This addition
improves the properties of concrete and increases the utilization of this waste in the
industry [35]. However, the use of fly ash as a substitute for cement is limited by the
amount of free lime in the ash [36]. The chemical and physical properties of silica FA used
as an additive in concrete production have to be standardized [4]. It was observed that the
addition of FA and zeolite to the cement slightly decreases the compressive strength of the
material. However, it was also noted that incorporation of FA and zeolites improves the
flowability of concrete [37].

FA fulfilling the requirements described in the standard serves as a valuable additive in
the production of commodity concretes, precast concrete products, dry mixes, and mineral
adhesives [38]. CFA can also be used in the production of concrete-ash mixtures used in
road construction. However, due to the increasing co-firing of conventional fuels with
other fuels (such as biomass or alternative fuels) in power plants, as well as the use of flue
gas treatment systems, such as sorbents dosed directly into the combustion chamber or
flue gas ducts, which directly affect the composition of FA, new opportunities for using
this waste in the industry are constantly growing. FA can be directly used in agriculture as
fertilizer [39], or if it contains large amounts of carbon and phosphorus, FA can be used as
a modified material in the production of mineral-organic fertilizers [5,19,40] or as material
for the synthesis of potassium zeolites [41]. Methods for synthesizing advanced porous
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materials from FA are also being developed, such as commonly used zeolites [19,42,43] and
metal-organic frameworks (MOFs) [44]. Suitable treatment also allows for the use of FA
from municipal waste incineration in phosphorus recovery processes [45].

FA which is rich in carbon is also a valuable adsorbent for capturing heavy metals,
such as mercury, from flue gas streams [46], or heavy metals like copper and nickel in
water treatment systems [47]. The disposal of wastewater containing dyes into aquatic
streams poses a significant challenge due to its adverse impact on the water ecosystem.
Direct dyes with their complex aromatic structure make their separation from industrial
wastewater a difficult task. However, a promising solution was found with the use of
chemically modified CFA, which demonstrated a noticeable removal efficiency for these
types of contaminants [48]. Additionally, after hydrothermal treatment, FA can be used as
a hydrophilic material with a high potential for use in solar air-conditioning systems [49].

In recent years, there has been a growing trend of using ashes from biomass com-
bustion to enhance soil quality, both in agricultural practices and in remediation and
reclamation techniques. There is also consideration for using ash as a binding additive in
the production of fertilizers from other waste materials, such as sewage sludge [50].

The method of treating FA for its utilization in industry is largely dependent on the
combusted fuel or fuel mixtures, combustion technology, and applied flue gas cleaning
methods [51]. Co-firing biomass and high unburned carbon content create possibilities for
using FA in agriculture. However, a significant barrier is the contamination of FA with
heavy metals when co-firing fossil fuels with alternative fuels. In such cases, the FA needs
to be classified as hazardous waste if it contains high levels of heavy metals. Monitoring
the stability of specific contaminants is also necessary due to the potential for uncontrolled
environmental pollution.

2.2. FA Types and Properties

During the combustion process of fuels in power boilers, two types of ashes are ob-
tained: bottom ash (constituting 10 to 20% of the total ash mass) and FA (70 to 90%). The
proportion of each type depends primarily on the combustion technology and the type of
fuel being burned. Besides ashes, other solid by-products of combustion include desulfur-
ization products, slag, gypsum, and other residues from flue gas cleaning processes [52].

The standard ash analysis generally determines the mineral composition of the solid
residue remaining after the combustion process. Typically, elements such as silica, alu-
minum, iron, calcium, magnesium, sodium, potassium, manganese, phosphorus, and
titanium are considered, along with any specific trace elements in certain cases [53–55]. For
example, in ashes from the incineration or co-incineration of waste, the content of heavy
metals is of key importance [56]. The main components of the mineral phase are expressed
as the highest oxides of these elements, assuming that all bonds and compounds present in
the raw fuel sample are destroyed during the combustion process, converting into oxide
form. Table 1 presents major FA constituents, mainly oxides depending on the combusted
fuel. The classification of FA is based on the sum of selected elements in oxide form, leading
to three main groups:

1. Silica-based, determined as a sum of the concentrations of selected oxides: SiO2 +
Al2O3 + TiO2

2. Calcium-based, determined as a sum of the concentrations of selected oxides: CaO +
MgO + Na2O + K2O

3. Iron-based, determined as a sum of the concentrations of selected oxides: Fe2O3 +
MnO + SO3 + P2O5,

Intermediate groups are also distinguished based on the concentration of individual
elements in the mineral phase [57].
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Table 1. Major FA constituents depending on the combusted fuel.

FA Component PL-L1 PL-HC 2 PL-L3 PL-B4 PL-B5 PL-W6 PL-W7

SiO2 27.37 48.43 47.3 36.03 44.41 14.02 5.55
Al2O3 6.63 28.72 31.4 8.33 10.80 22.73 18.19
CaO 34.48 4.63 1.7 27.41 23.84 20.22 32.49
MgO 8.23 2.60 1.9 3.56 3.76 6.53 2.29
Na2O 1.08 1.77 - 0.87 1.27 5.83 5.55
K2O 0.41 2.81 - 4.92 3.99 3.08 3.22

Fe2O3 3.75 6.35 7.7 4.12 3.63 0.56 0.62
TiO2 0.96 1.17 1.6 0.94 1.05 0.76 0.76
P2O5 - - - 3.21 2.02 0.82 1.23

Heavy metals (sum) - - - - - 10.49 7.48
Reference [58] [59] [60] [3] [61] [62] [62]

PL-L1—FA obtained from lignite combusted in a pulverized coal boiler (Poland).
PL-HC2—FA obtained from hard coal combusted in a pulverized coal boiler (Poland).
PL-L3—FA obtained from lignite combusted in a fluidized bed boiler (Poland).
PL-B4—FA obtained from a pulp and paper mill, from a boiler fueled with waste forest

biomass (Portugal).
PL-B5—FA obtained from biomass combusted in a fluidized bed boiler (China).
PL-W6—FA obtained from a grate boiler in a waste incineration plant (Italy).
PL-W7—FA obtained from waste combusted in a fluidized bed boiler (Italy).
Major constituents of FA are usually silica and aluminum, but in some cases calcium

is also one of the main components of the mineral matter, especially in the case of biomass
and waste. Additionally, in the case of biomass a noticeable content of alkali metals, mostly
potassium, might be noted. FA collected from the waste incineration process is usually
contaminated with heavy metals which might affect its potential use in industry.

3. Circular Economy (CE) Concept

In 2015, a circular economy (CE) package was published by the European Commission
to enhance the transition from a linear to a circular economy, where resource efficiency is
increased and the value of products and materials is maintained as long and as productively
possible (Figure 2) [63]. In the CE concept, when a product cannot be further used, options
like remanufacturing and recycling are promoted to create additional value. The economic
benefits associated with the CE concept are connected to additional job creation and the
promotion of innovation and environmental benefits [64].

Figure 2. General idea of the circular economy concept.
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Society has been aware for the last several years that the increasing consumption of
non-renewable material resources cannot sustain human development anymore; resources
must be utilized at their maximum. Until now, many intensive environmental problems
have arisen, and some boundaries that defined the safe environment for humans have
already been transgressed. Very soon, we will be challenged by the running out of global
fossil fuel resources. However, pollution and climate change are even more influential
factors forcing our society to change its habits.

The awareness of this situation led to changes in waste processing from a linear ap-
proach to a circular, which is depicted by sequential circles. Earlier, linear waste processing
was based on the traditional take–make–consume–dispose approach (Figure 3).

 

Figure 3. General idea of the linear economy.

The CE is an economic model that aims to maximize resource efficiency and minimize
waste by keeping products, materials, and resources in circulation for as long as possible.
The concept of the circular economy is based on the idea of closing the loop of production
and consumption, where products are designed to be durable, repairable, and recyclable,
and where waste and emissions are reduced to a minimum [65–67].

The CE concept has gained attraction globally as a promising solution to address
environmental challenges and create a more sustainable and resilient economic system.
It encourages businesses, governments, and consumers to adopt more circular practices,
which can lead to reduced resource depletion, less waste generation, and a more inclusive
and sustainable economy.

CE strategies are widely described in the literature, but the official definitions of the
strategies promoting a CE are not defined. The most developed R-framework uses ten
strategies to increase circularity: refuse, rethink, reduce, reuse, repair, refurbish, reman-
ufacture, repurpose, recycle, and recover. CE strategies were designed to preserve raw
materials and decrease their consumption [68].

The seven pillars of the CE supporting the evolution of economic rules and incentive
structures that actually fulfill the end results were proposed by Metabolic [69]. The most
efficient and successful technologies and business models support all seven pillars at the
same time, but not all of them are equally important. Some of the most important aspects
of the pillars are:

• long-term consequences and irreversibility,
• making the ability of our planet to provide a safe space for us weaker,
• high uncertainty of outcomes.

The seven pillars of the CE help us approach problems in a systemic manner. They
might be translated into quantitative tools: metrics and indicators. These are useful tools
for the evaluation of the circularity of products, projects, businesses, etc.

The CE concept is already implemented in some big companies like Canon, Renault,
Philips, or Tata Motors Limited, which are collecting used equipment to remanufacture,
recycle, or reuse it and resell with the same guarantee as brand new products [70]. Such
actions lead to the minimization of waste generation and the preservation of natural
resources. The circularity is also enhanced by extended guarantee of the products and
encouraging customers to repair broken and used goods instead of buying new ones.
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4. FA-Derived Zeolites

4.1. FA as a Potential Precursor for Zeolites Synthesis

Zeolites are a group of aluminosilicate minerals containing oxides of alkali metals and
alkaline earth metals in their composition. They belong to the class of so-called molecular
sieves. Depending on their origin, they can be classified as natural or synthetic. Natural
zeolites are formed as a result of the weathering of volcanic rocks. Synthetic zeolites,
on the other hand, form a much larger group of materials, with over 150 types. Many
synthetic zeolites have a similar structure and geometric arrangement as natural zeolites [5].
However, synthetic zeolites have better properties and a lower contamination content than
natural ones [71].

The most commonly used zeolites in industry are of type A, X, and Y. Figure 4
shows the morphology of commercial molecular sieves 4A and 13X. Type A zeolites are
characterized by relatively low silica content, with a molar Si to Al ratio below 2. Type
X and Y zeolites, unlike type A zeolites, exhibit increased resistance to acids and high
temperatures. For type X zeolites, the silicon module does not exceed 2, while for type Y
zeolites, it ranges from 2 to 5 [72]. The artificial synthesis of these materials has improved
their heat conduction properties. Satisfactory results have been obtained in the synthesis
of zeolites from natural aluminosilicates like halloysite [73,74] and kaolin [75], synthetic
materials like kaolinite [76], as well as combustion by-products like FA [77–79]. To achieve
specific properties, zeolite materials undergo additional modifications. Table 2 presents the
properties of reference materials—selected natural and commercial zeolites described in
the literature.

  

Figure 4. Scanning electron microscope images of molecular sieves 4A and 13X.

Table 2. Comparison of specific surface area and pore diameter values for natural and commercial
zeolite materials.

Adsorbent Specific Surface Area, m2/g Pore Size, nm Reference

Natural zeolite 9–15 9.2–14.6 [80,81]
Zeolite 4A 7–559 22 [82–85]
Zeolite 13X 310–730 1–2.5 [84,86–88]

ZSM-5 304–417 - [89–92]
TS-1/2zeolite 500 - [93]

Zeolite Y 527 2.5–3 [92,94]
Zeolite HY 620–625 7.4 [95,96]

Natural zeolites are characterized by very low specific surface area resulting in weak
and moderate sorption capacities. However, synthetic zeolites which are very frequently
used in the industry might be characterized by a specific surface area several times higher,
mostly due to microporous structure development.

4.2. Methods of Synthesis for FA-Derived Zeolites

One of the most innovative applications of FA is the synthesis of sorption materials
such as zeolites. FA-derived porous materials might increase the amount of this industrial
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waste management according to the CE concept. FA has a similar chemical composition to
zeolites, although the combustion and co-combustion of biomass and waste fuels affect the
composition of the mineral phase, which may affect the properties of the obtained porous
materials. The production of new porous materials from heterogeneous materials with
variable composition, such as FA, forced the adaptation of existing and the development
of new special procedures dedicated to the synthesis of zeolites from FA. There are many
synthetic methods, which vary depending on the temperature and time of the process
(hours/days), environment, Si to Al ratio, reaction components ratio, process steps, etc.
The most commonly used and well-known methods for the synthesis of zeolite materi-
als are hydrothermal synthesis, the molten salt method, alkaline activation, microwave
synthesis [97,98], and ultrasonic treatment [99]. Hydrothermal crystallization consists
of three stages of synthesis: dissolution, condensation, and crystallization in an alkaline
solution with a pH > 8.5. Typically, the process is carried out in autoclaves with increased
pressure [100]. Zeolite samples prepared via the hydrothermal method using CFA as a
pre-cursor were analyzed in [101]. It was noted that an increase in NaOH concentration led
to an increase in open volumes (or open porosity) or defects in the zeolite structure. On the
other hand, increasing the temperature during sample preparation tended to reduce or di-
minish the open volumes, indicating a change in the zeolite’s structural characteristics [101].
The direct hydrothermal method is a straightforward process, but it has drawbacks in
terms of time and energy consumption, leading to low product purity [102]. Also, the
presence of contaminations in FA like, for example calcium oxides, limits the purity of
the final product [103]. To overcome these limitations, alternative techniques like alkaline
fusion-assisted and microwave-assisted hydrothermal methods have been introduced to
enhance the yield and quality of zeolites. The advantage of using microwave-assisted
over alkaline fusion-assisted hydrothermal methods lies in the increased crystallization
rate, leading to reduced crystallization time [9]. In turn, the use of microwave synthesis
allows for high control of the temperature and time of crystallization, which is essential in
obtaining specific crystalline phases. Additional extraction of silicon from FA allows us to
achieve zeolites of high quality and purity. The desired Si/Al molar ratio might be obtained
by adding aluminum ions [52]. The more frequently used method is also hydrothermal
alkaline fusion, in which a solid mixture of NaOH with FA is used, which is then heated to
a temperature of about 500–600 ◦C [104]. However, due to high energy consumption the
fusion method is rather expensive and the production line on the technical or industrial
scale is not economically justified [105]. By employing ultrasonic energy, the aging time
for the alkaline fusion followed by the ultrasonic-assisted synthesis method is significantly
reduced from 24 to 2 h. This ultrasonic aging process allows for an approximately 90%
reduction in aging time and related costs, primarily attributed to the decrease in electricity
consumption [106].

More frequently, combinations of methods are also used to enhance the quality and
properties of the final product. Just recently, for the first time, researchers have successfully
synthesized a highly crystalline zeolite from CFA using a unique approach that combines
in situ microwave and ultrasound activation. This method is known as microwave and
ultrasound collaborative activation (MUCA) and it gives better results than individual
activation methods using microwave or ultrasound alone. MUCA exhibits higher efficiency
in dissolving silica-aluminum species from CFA, while preserving other impurities and
avoiding their digestion. As a result, MUCA significantly reduces energy consumption
during the zeolite synthesis process [107].

In addition to the potential reduction in energy consumption during zeolite synthesis,
a high-purity zeolite has been successfully produced from FA using a green synthesis
approach. This environmentally friendly method proposed in [108] involves the minimal
use of water, with only trace amounts utilized, and it achieves zero discharge of wastewater
during the synthesis process [108]. A CFA-derived zeolite might also be produced using
another new and convenient solvent-free method, ensuring minimal energy consumption
due to its short processing time as described in [109].

139



Energies 2023, 16, 6593

Recent findings also prove that the particle size distribution of utilized FA significantly
influences the quality and yield of the obtained zeolites. By incorporating fine FA particles,
a larger reaction area might be achieved, resulting in the formation of zeolite phases with
a higher degree of crystal formation, increased purity, and enhanced crystallinity. These
improvements in the physicochemical properties directly correlate with a considerable
improvement in their potential applications. Additionally, this can be achieved with only a
relatively small financial investment required for the FA grinding process [110].

In [111], an additional step of wet grinding was proposed to enhance the synthesis
process of zeolites from FA. During grinding, the raw material undergoes destructive forces
such as friction, shear force, and impact, leading to a decrease in particle size. The process
generates heat, which promotes the activation process of FA. The key parameters affecting
the particle size change and system temperature increase are grinding time, grinding speed,
ball–powder ratio, and solid–liquid ratio [111]. Grinding has the advantageous effect of
reducing particle size, increasing the surface area, and enhancing the surface structure
of coal-based solid wastes. These improvements are beneficial as they facilitate better
exposure and subsequent removal of impurities [112]. It was noted that, when the wet-
grinding time increases, the particle size gradually decreases until reaching stability after
2 h. During wet-grinding, the raw material develops structural defects, but with prolonged
grinding, these defects decrease, and particle strength increases. Consequently, the crushing
difficulty increases, making 2 h the optimal grinding time. Using FA as a raw material for
zeolite synthesis through the wet-grinding activation hydrothermal method reduces energy
consumption and the number of process steps. This approach holds the potential for the
large-scale use of FA to create an inexpensive adsorbent, making it a promising option for
practical application [111].

The incorporation of mesopores into microporous zeolites, known as hierarchical
zeolite synthesis, represents a highly promising method to enhance the surface properties
and porous structure of zeolites. When the diffusion of ions and molecules to an active site
is limited, the internal surface area of a zeolite remains empty, leading to reduced zeolite
activity. However, this challenge can be addressed by synthesizing hierarchical zeolites that
possess enhanced diffusion capabilities [99]. This approach combines the benefits of shape
selectivity from the microporous framework with the facilitated mass transfer achieved
through the mesoporous channels [113]. Hierarchical zeolites, possessing a dual-porous
structure, have emerged as a significant and novel category within the field of zeolites.
Their potential lies in their ability to enhance mass transfer and molecular accessibility,
crucial for overcoming obstacles such as steric hindrance, diffusional constraints, and coke
formation in catalytic reactions [114].

Numerous techniques have been developed to synthesize hierarchical zeolites, includ-
ing organosilane-based procedures, surfactant-assisted methods, framework atom removal,
zeolite synthesis of preformed solids, templating, and the modification of porous materials
like activated carbon and diatomite. However, these methods are expensive due to their
multi-step processes involving templates and acid-base treatment after synthesis. Alter-
natively, hierarchical zeolites can be synthesized in a cost-effective and straightforward
manner using the microwave heating method [99].

The technological production line described in [115] generates very good results
regarding high-purity Na-P1 zeolite synthesis. Most pilot-scale facilities are conducting the
conversion process of FA with NaOH at a moderate temperature at atmospheric [115] or
elevated pressure [116]. The obtained zeolites were tested as water treatment adsorbents
for capturing heavy metals and ammonium [116]. Whereas zeolites obtained via fusion
followed by a bench-scale hydrothermal reaction and hydrothermal pilot-scale reaction
were analyzed as potential fertilizer carriers [117].
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4.3. Standard Characterization Methods of Zeolite Materials

Zeolite materials can be characterized using various analytical methods to gain insights
into their structure, composition, porosity, surface properties, and other relevant parameters,
which depend upon their intended function.

Some of the common methods of characterization for zeolites include:

1. X-ray Diffraction (XRD) is used to determine the crystalline structure and phase
composition of zeolites. It provides information about the arrangement of atoms in
the zeolite framework and helps identify different zeolite phases [118]. It is a valuable
tool in the determination of the efficiency of synthetic zeolite synthesis methods [7].

X-ray diffraction (XRD) analysis can be utilized to estimate the crystallinity degree of
a specific zeolite. This calculation involves comparing the intensities of the characteristic
zeolite profile with those of the reference materials, as expressed in the following equation:

Cristallinity(I/I0) =
∑ relative intensities o f f ly ash − derived zeolite

∑ relative intensities o f a re f erence material
× 100 (1)

2. Scanning Electron Microscopy allows us to visualize the surface morphology of
zeolite materials at a high resolution. It provides information about particle size,
shape, and distribution. Additional EDS (Energy-Dispersive X-ray Spectroscopy)
gives information about the semiquantitative chemical composition of the material.
Observation of the sample morphology enables an estimation of its porous structure
development through synthesis procedures. SEM has been used to investigate zeolites’
microstructure, particle morphology, and crystal growth [115,119,120].

3. Transmission Electron Microscopy (TEM) offers a higher resolution than SEM and
allows us to examine the internal structure of zeolite crystals at atomic resolution,
including the arrangement of atoms and crystal defects [121–123].

4. Low-Temperature Gas Adsorption using nitrogen or carbon dioxide (BET Analysis)
is used to determine the specific surface area and porosity of zeolites [9,18,124]. It
provides information about the structure of the material and its potential sorption
capacity. To more precisely determine the sorption properties of the material toward
a given adsorbate or contamination more advanced methods are needed, like, for
example the dynamic vapor sorption method (DVS) [125].

5. Fourier Transform Infrared Spectroscopy (FTIR) is used to identify the chemical bonds
and functional groups present in zeolite materials, providing information about their
composition and surface properties [118,126].

6. Thermogravimetric Analysis (TGA) with Differential Scanning Calorimetry (DSC)
together with Simultaneous Thermal Analysis (STA) is used to study the thermal
stability of zeolites and to determine the water content and their desorption behavior.
TGA and DSC are used to determine the thermal properties of zeolites, including
phase transitions and thermal stability. These properties are crucial when zeolites are
dedicated to high-temperature purposes like flue gas treatment. A unique method
based on TGA was also proposed in [127], dedicated to determining the degree of fly
ash conversion efficiency.

7. Nuclear Magnetic Resonance (NMR) Spectroscopy can provide information about
the local environment of certain atoms in the zeolite structure, giving insights into
their connectivity and coordination [126]. Due to its remarkable sensitivity to the
atomic-scale environment, this method is well-suited for investigating local structure,
disorder, and chemical reactivity in solid-state materials [128].

8. X-ray Photoelectron Spectroscopy (XPS) is used in some cases to study the chemical
composition and oxidation states of the surface of zeolite materials [129].

By combining these characterization methods, research groups working in the field of
zeolite synthesis can gain a comprehensive understanding of zeolite materials and optimize
their synthesis methods and use in various applications.
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4.4. FA-Derived Zeolites as Value-Added Products in Different Industrial Branches According to
the CE Concept

In general, zeolites are characterized by a very large specific surface area, due to which
they can be used as sorbents, catalysts, and ion exchange materials [130–132]. In nature,
zeolites are represented as minerals (e.g., clinoptilolite, chabazite, and mordenite). The
type of zeolites depends on the SiO2 content (SiO2/Al2O3 molar ratio), therefore they can
be classified as low-, medium-, and high-silica zeolites. The Si/Al ratio determines the
properties of the zeolite. Low-silica zeolites are characterized by higher acid resistance,
stability at higher temperatures and hydrophilicity. On the other hand, high-silica zeolites
are more hydrophobic and have high ion-exchange properties. The properties of natural
zeolites in aqueous solution depend on the pH; a very low pH value can cause damage to
the structure of the zeolite. Zeolites of the NaP1 type, A type, X type, Y type, and ZSM-5
zeolite are the most frequently studied and used in industry [89,133,134].

Currently, synthetic zeolites are successfully used in a wide range in industry and
environmental protection, for example as soil-improving additives and as adsorbents
in water and gas purification systems (Figure 5). FA-derived zeolites X and A might
be employed to capture elemental mercury from a gas stream. The proper capture and
immobilization of mercury is especially important as large EU combustion plants (LCP)
are obliged to monitor and minimize the emission of this contaminant from the flue
gas stream [135]. A unique hybrid synthesis approach was developed, incorporating
the crystallization stage of zeolites, along with silver or iron modification. This method
successfully yielded pure and high-crystalline zeolites. Notably, it was observed that silver-
modified zeolites exhibited significant potential in adsorbing mercury [136]. The zeolites
synthesized from coal FA (CFA) were also effectively employed to remove methylene
blue [119] and Cu ions from aqueous solutions [137].

-
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Figure 5. FA-derived zeolites’ utilization in industry, agriculture, and power sectors.

As for the more specific use of zeolites synthesized from FA, they can also be used in
adsorption systems for CO2 [138,139]. It has been observed that a higher calcium content
in a FA positively affects CO2 retention under equilibrium conditions. However, this effect
is not as significant in dynamic conditions, likely due to the presence of accompanying
chemisorption processes [140]. Zeolites also serve as great adsorbents in gas treatment
facilities, capturing contaminations [97] like nickel (Ni) [141], arsenic (As) [142], zinc
(Zn), copper (Cu) [143], and lead (Pb) [111,144]. Zeolites are also used as a bed material
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in adsorption refrigerators [145–147], because they are sorption materials characterized
by excellent sorption properties: high adsorption capacity, molecular shape selectivity,
and a very large surface area. A synthesized zeolite may be characterized by superior
properties compared to a commercial zeolite, making it a more appealing choice for gas
separation applications. Notably, in some cases synthesized zeolite displayed a higher
surface area, smaller crystallite size, and improved thermal stability, all of which contribute
to its enhanced performance in this specific context [148,149]. Zeolites might be also used as
catalysts in gas treatment systems. ZSM-5 zeolite obtained from CFA was used as a catalytic
converter for the reduction of NOx in gasoline-powered engines. By incorporating copper
and cobalt-doped zeolite on a ceramic monolith, the catalytic converter demonstrates
superior activity in rapidly reducing NOx emissions compared to conventional catalytic
converters [150]. Another CFA-based ZSM-5 zeolite characterized by a flexible textural
design and obtained using a solvent-free method gave a good result for toluene adsorption
elimination [151].

Additionally, zeolites are characterized by a three times greater water adsorption
capacity compared to silica gel, and the artificial synthesis of these materials allows for
improvement of the efficiency of heat exchange, making them a good adsorbent for ad-
sorption chillers [152,153]. A certain limitation to the use of zeolites in refrigeration is the
fact that the bed regeneration process is carried out at temperatures higher than in the case
of silica gels, i.e., above 120 ◦C [154]. In addition, as in the case of other porous materials,
zeolites are characterized by a low coefficient of thermal conductivity [155–157]. However,
the high sorption capacity and durability of these materials mean that commercial solutions
based on a zeolite bed are available on the market.

The recycling of coal FA offers a promising opportunity to create highly efficient
Fenton-like catalysts capable of removing organic contaminants from wastewater effec-
tively [118]. An additional product of synthesis might include a magnetic type which could
be used as a substrate in nano-iron synthesis [109].

FA-derived zeolites hold potential not only as adsorbers in various industrial processes
but also as valuable new products or components. For instance, the treatment of FAs
significantly influenced both the synthesis yield and properties of the resulting zeolites.
A well-designed zeolite synthesis method effectively reduced the viscosity of modified
asphalt cement during heating, greatly improving its workability. The observed excellent
performance of zeolite A, derived from FA, in reducing asphalt cement viscosity makes it
well-suited for this specific purpose [158].

Fertilizing zeolites have demonstrated significant potential in providing fertilizer ele-
ments over extended periods of time, making them a suitable solution for more demanding
crops’ nutrient requirements. As a result, these synthesized materials effectively serve their
purpose as slow-release nutrient suppliers, showing promising applications as K fertilizers.
Moreover, a cost-effective method of FA utilization in producing a zeolitic product with
a well-structured framework capable of efficiently retaining K ions was proposed. This
product, called MER zeolite, exhibits improved performance in releasing K nutrients, thus
minimizing nutrient wastage and reducing the risk of environmental pollution [159].

Prior to disposal in landfills, municipal solid waste incineration fly ash (MSWIFA) with
elevated heavy metal concentrations requires consolidation. The alkali-activated technique
plays a crucial role in enhancing the degree of heavy metal solidification and the utilization
ratio on MSWIFA material. Incorporating zeolite into the process shows promising results,
as it increases the efficiency of heavy metal solidification within the FA matrix, making it a
potentially valuable application of FA [160].

Self-supporting adsorbents composed of zeolite-geopolymer composites, synthesized
using industrial solid waste, exhibit remarkable mechanical strength, a high specific surface
area, and cation exchange capability. These composites serve as effective substitutes
for natural heulandite zeolite in removing metal ions from water. The simple two-step
method allows for the synthesis of zeolite–geopolymer composites with a high zeolite
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content, making them highly suitable as self-supporting adsorbents for water treatment
applications [81].

An effective method for defluorination of water involved the use of aluminum
hydroxide-coated zeolite (AHZ), which was synthesized from coal FA. AHZ proves to be
efficient in removing fluoride from water and offers a promising solution for addressing
fluoride contamination issues in wastewater treatment [161]. The synthesized zeolite can be
then effectively employed as an adsorbent to eliminate organic dye from aqueous solutions
as well [162].

The zeolites obtained from the coal FA were also subjected to testing in tgas-phase
phenol alkylation using diethyl carbonate (DEC) as a novel alkylating agent. The results
from the experiments demonstrate the practicality and suitability of obtained innovative
synthetic zeolites for catalytic applications as heterogeneous basic systems. The method
employed yielded high conversion rates, was environmentally friendly, cost-effective, and
presented a clean approach. Consequently, the synthetic zeolites proved to be highly
efficient catalyst alternatives to the commonly used commercial materials in industrial
applications [163].

In Ref. [164], an investigation was conducted on the mineral and chemical composi-
tions of FA to determine its suitability as a source material for synthesizing zeolites, which
serve as useful matrices for nuclear waste vitrification. Additionally, the findings in [2]
indicate that K-zeolites synthesized from biomass FA are well-suited for the removal of
radioactive cesium. Biomass-origin FA is characterized by a low content of impurities mak-
ing it possible to exclude additional purification from the zeolite synthesis procedure [165].
Additionally, this process offers a potential solution for recycling FA from biomass power
plants, thus avoiding the high economic costs associated with its disposal.

Zeolites might be also used as catalysts in thermochemical fuel conversion pro-
cesses [95,132,166]. FA-derived zeolite X was used as a suitable catalyst for the production
of linear aliphatic hydrocarbons (HC), although some concerns have arisen due to the
deactivation caused by coke formation. The data obtained from research conducted in [167]
can be applied to enhance the quality of bio-oil produced from local biomass resources,
pyrolyzing palm press fiber (PPW), through catalytic fast pyrolysis.

The groundbreaking experiments conducted on zeolite X synthesized from coal fly
ash have revealed its potential as a significant anticancer agent. However, further research
is still necessary to understand the specific mode of action [149].

To sum up the recent findings regarding FA-derived zeolites, the properties of the
obtained materials are presented in Table 3.

Table 3. Comparison of specific surface area and pore diameter values for fly ash-derived zeolite
materials.

Adsorbent Specific Surface Area Pore Size Reference

Unit [m2/g] [nm] -

Na-X zeolite obtained from FA from oil shale
combustion (China) 252 3.817 [167]

Na-P1 zeolite obtained from FA from lignite
combustion (Greece) 64.5 0.8 [168]

NaA zeolite obtained from CFA (South Africa) 33 - [139]

NaX zeolite obtained from CFA (South Africa) 228 - [139]

Na-P1 zeolite obtained from CFA (India) 63 - [169]

Zeolite ZSM-22 obtained from CFA (Taiwan) 30.2 - [170]

Zeolite X obtained from CFA (Poland) 629 1.7 [171]

Zeolite NaP1 obtained from FA from the waste
incineration process 23.86 - [172]
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Table 3. Cont.

Adsorbent Specific Surface Area Pore Size Reference

Unit [m2/g] [nm] -

FA-derived zeolite NaP1 from class F FA, obtained
from a coal power plant (Poland) 60 11 [143]

Na-P1 zeolite obtained from CFA (Poland) 88 - [115]

Sodalite zeolites obtained from CFA (South Africa) 366–399 - [109]

Zeolite-geopolymer composites obtained from FA and
metakaolin (China) 52–100 4–7 [81]

Zeolites-calcium silicate hydrate composite obtained
from CFA (China) 96.5 - [103]

Zeolites obtained from CFA collected from the
electrostatic precipitators (Bulgaria) 284–486 13.2–61.1 [140]

Zeolite X prepared from FA (China) 473.56 1.9 [108]

ZSM5 obtained from CFA (Thailand) 329 6.0–27.8 [173]

X zeolite obtained from CFA (Thailand) 722 5.7–24.2 [173]

Zeolite 4A obtained from CFA (China) 18.33 11.3 [137]

Zeolite 4A obtained from CFA (Pakistan) 122 - [148]

Zeolites synthesized from fly ashes have a significantly lower specific surface area
compared to natural and commercial zeolites (Table 2), which is due, among other things,
to the fact that fly ashes are not a pure mixture of silicon and aluminum compounds. They
also have other impurities that affect the content of the zeolite phase obtained in the final
product. In addition, the final product depends to a large extent on the method of synthesis
and its parameters. FA preparation in order to obtain native material more susceptible to
the synthesis of zeolite material, such as silicon extraction, significantly increases the cost
of synthesis.

However, the synthesis of zeolites with coal-based solid waste as a raw material
can reduce the environmental pollution of industrial wastes, minimize natural resource
utilization, and realize their valuable utilization in line with the CE concept.

5. Conclusions and Future Directions

Recent research findings present fly ash-derived zeolites as promising materials that
subscribe to the principles of CE by turning a waste stream into a valuable resource. Their
diverse applications in environmental remediation, catalysis, material substitution, and
medicine demonstrate their potential to implement sustainable practices and contribute
to a more circular and resource-efficient future. The main challenges are associated with
synthesis by-products, especially additional waste generation and energy consumption.
Furthermore, in not all methods can high purity of the final product be achieved. FA
contaminated with other elements like heavy metals and calcium might not be suitable for
zeolite synthesis. High energy consumption in the case of hydrothermal methods at a high
temperature makes them economically unjustified in a larger scale.

Further research and collaboration between researchers, industrial stakeholders, and
policymakers are essential to fully realize the benefits of these materials and their integration
into CE practices. However, utilization of FA-derived zeolites requires the precisely defined
chemical composition and properties of raw FA, as synthesis methods are adjusted to the
given feedstock.
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127. Majchrzak-Kucȩba, I. A Simple Thermogravimetric Method for the Evaluation of the Degree of Fly Ash Conversion into Zeolite
Material. J. Porous Mater. 2013, 20, 407–415. [CrossRef]

128. Ashbrook, S.E.; Morris, R.; Rice, C.M. Understanding the Synthesis and Reactivity of ADORable Zeolites Using NMR Spectroscopy.
Curr. Opin. Colloid Interface Sci. 2022, 61, 101634. [CrossRef]

129. Shigemoto, N.; Sugiyama, S.; Hayashi, H.; Miyaura, K. Characterization of Na-X, Na-A, and Coal Fly Ash Zeolites and Their
Amorphous Precursors by IR, MAS NMR and XPS. J. Mater. Sci. 1995, 30, 5777–5783. [CrossRef]

130. Panagiotou, T.; Morency, J.R.; Senior, C.L. Zeolite-Based Mercury Sorbent-Laboratory Testing and Modeling. ACS Div. Fuel Chem.
Prepr. 2000, 45, 426–430.

131. Ghorbannezhad, P.; Park, S.; Onwudili, J.A. Co-Pyrolysis of Biomass and Plastic Waste over Zeolite- and Sodium-Based Catalysts
for Enhanced Yields of Hydrocarbon Products. Waste Manag. 2020, 102, 909–918. [CrossRef]

132. Bellat, J.P.; Weber, G.; Bezverkhyy, I.; Lamonier, J.F. Selective Adsorption of Formaldehyde and Water Vapors in NaY and NaX
Zeolites. Microporous Mesoporous Mater. 2019, 288, 109563. [CrossRef]

133. Dabbawala, A.A.; Suresh Kumar Reddy, K.; Mittal, H.; Al Wahedi, Y.; Vaithilingam, B.V.; Karanikolos, G.N.; Singaravel, G.;
Morin, S.; Berthod, M.; Alhassan, S.M. Water Vapor Adsorption on Metal-Exchanged Hierarchical Porous Zeolite-Y. Microporous
Mesoporous Mater. 2021, 326, 111380. [CrossRef]

134. Maia, A.Á.B.; Neves, R.F.; Angélica, R.S.; Pöllmann, H. Synthesis, Optimisation and Characterisation of the Zeolite NaA Using
Kaolin Waste from the Amazon Region. Production of Zeolites KA, MgA and CaA. Appl. Clay Sci. 2015, 108, 55–60. [CrossRef]

135. European Comission. Commission Implementing Decision (EU) 2021/2326 of 30 November 2021 Establishing Best Available
Techniques (BAT) Conclusions, under Directive 2010/75/EU of the European Parliament and of the Council, for Large Combustion
Plants (Notified under Document C (2021) 8580). Official Journal of the European Union. 2021. Available online: https:
//eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A32021D2326 (accessed on 23 July 2023).

136. Kunecki, P.; Wdowin, M.; Hanc, E. Fly Ash-Derived Zeolites and Their Sorption Abilities in Relation to Elemental Mercury in a
Simulated Gas Stream. J. Clean. Prod. 2023, 391, 136181. [CrossRef]

137. Yang, L.; Qian, X.; Yuan, P.; Bai, H.; Miki, T.; Men, F.; Li, H.; Nagasaka, T. Green Synthesis of Zeolite 4A Using Fly Ash Fused with
Synergism of NaOH and Na2CO3. J. Clean. Prod. 2019, 212, 250–260. [CrossRef]

138. Lee, K.M.; Jo, Y.M. Synthesis of Zeolite from Waste Fly Ash for Adsorption of CO2. J. Mater. Cycles Waste Manag. 2010, 12, 212–219.
[CrossRef]

139. Muriithi, G.N.; Petrik, L.F.; Doucet, F.J. Synthesis, Characterisation and CO2 Adsorption Potential of NaA and NaX Zeolites and
Hydrotalcite Obtained from the Same Coal Fly Ash. J. CO2 Util. 2020, 36, 220–230. [CrossRef]

140. Boycheva, S.; Zgureva, D.; Lazarova, H.; Popova, M. Comparative Studies of Carbon Capture onto Coal Fly Ash Zeolites Na-X
and Na–Ca-X. Chemosphere 2021, 271, 129505. [CrossRef]

141. He, X.; Yao, B.; Xia, Y.; Huang, H.; Gan, Y.; Zhang, W. Coal Fly Ash Derived Zeolite for Highly Efficient Removal of Ni2+ Inwaste
Water. Powder Technol. 2020, 367, 40–46. [CrossRef]

142. Yang, L.; Gao, M.; Wei, T.; Nagasaka, T. Synergistic Removal of As(V) from Aqueous Solution by Nanozero Valent Iron Loaded
with Zeolite 5A Synthesized from Fly Ash. J. Hazard. Mater. 2022, 424, 127428. [CrossRef]

150



Energies 2023, 16, 6593

143. Ankrah, A.F.; Tokay, B.; Snape, C.E. Heavy Metal Removal from Aqueous Solutions Using Fly-Ash Derived Zeolite NaP1. Int. J.
Environ. Res. 2022, 16, 17. [CrossRef]

144. Han, L.; Wang, J.; Liu, Z.; Zhang, Y.; Jin, Y.; Li, J.; Wang, D. Synthesis of Fly Ash-Based Self-Supported Zeolites Foam Geopolymer
via Saturated Steam Treatment. J. Hazard. Mater. 2020, 393, 122468. [CrossRef] [PubMed]

145. Myat, A.; Kim Choon, N.; Thu, K.; Kim, Y.D. Experimental Investigation on the Optimal Performance of Zeolite-Water Adsorption
Chiller. Appl. Energy 2013, 102, 582–590. [CrossRef]

146. Liu, Y.M.; Yuan, Z.X.; Wen, X.; Du, C.X. Evaluation on Performance of Solar Adsorption Cooling of Silica Gel and SAPO-34
Zeolite. Appl. Therm. Eng. 2021, 182, 116019. [CrossRef]

147. Li, A.; Ismail, A.B.; Thu, K.; Ng, K.C.; Loh, W.S. Performance Evaluation of a Zeolite—Water Adsorption Chiller with Entropy
Analysis of Thermodynamic Insight. Appl. Energy 2014, 130, 702–711. [CrossRef]

148. Iqbal, A.; Sattar, H.; Haider, R.; Munir, S. Synthesis and Characterization of Pure Phase Zeolite 4A from Coal Fly Ash. J. Clean.
Prod. 2019, 219, 258–267. [CrossRef]

149. Subhapriya, S.; Gomathipriya, P. Zeolite X from Coal Fly Ash Inhibits Proliferation of Human Breast Cancer Cell Lines (MCF-7)
via Induction of S Phase Arrest and Apoptosis. Mol. Biol. Rep. 2018, 45, 2063–2074. [CrossRef]

150. Rajakrishnamoorthy, P.; Karthikeyan, D.; Saravanan, C.G. Emission Reduction Technique Applied in SI Engines Exhaust by Using
Zsm5 Zeolite as Catalysts Synthesized from Coal Fly Ash. Mater. Today Proc. 2020, 22, 499–506. [CrossRef]

151. Wu, Y.; Liang, G.; Zhao, X.; Wang, H.; Qu, Z. Flexible Textural Design of ZSM-5 Zeolite Adsorbent from Coal Fly Ash via
Solvent-Free Method for Toluene Elimination. J. Environ. Chem. Eng. 2023, 11, 109589. [CrossRef]

152. Krzywanski, J.; Grabowska, K.; Sosnowski, M.; Zylka, A.; Kulakowska, A.; Czakiert, T.; Sztekler, K.; Wesolowska, M.; Nowak, W.
Heat Transfer in Adsorption Chillers with Fluidized Beds of Silica Gel, Zeolite, and Carbon Nanotubes. Heat Transf. Eng. 2021, 43,
172–182. [CrossRef]

153. Kayal, S.; Baichuan, S.; Saha, B.B. Adsorption Characteristics of AQSOA Zeolites and Water for Adsorption Chillers. Int. J. Heat
Mass Transf. 2016, 92, 1120–1127. [CrossRef]

154. Wei, H.; Teo, B.; Chakraborty, A.; Han, B. Water Adsorption on CHA and AFI Types Zeolites: Modelling and Investigation of
Adsorption Chiller under Static and Dynamic Conditions. Appl. Therm. Eng. 2017, 127, 35–45. [CrossRef]

155. Choudhury, B.; Saha, B.B.; Chatterjee, P.K.; Sarkar, J.P. An Overview of Developments in Adsorption Refrigeration Systems
towards a Sustainable Way of Cooling. Appl. Energy 2013, 104, 554–567. [CrossRef]

156. Grabowska, K.; Krzywanski, J.; Nowak, W.; Wesolowska, M. Construction of an Innovative Adsorbent Bed Configuration in the
Adsorption Chiller—Selection Criteria for Effective Sorbent-Glue Pair. Energy 2018, 151, 317–323. [CrossRef]

157. Fernandes, M.S.; Brites, G.J.V.N.; Costa, J.J.; Gaspar, A.R.; Costa, V.A.F. Review and Future Trends of Solar Adsorption Refrigera-
tion Systems. Renew. Sustain. Energy Rev. 2014, 39, 102–123. [CrossRef]

158. Amoni, B.C.; Freitas, A.D.L.; Bessa, R.A.; Oliveira, C.P.; Bastos-Neto, M.; Azevedo, D.C.S.; Lucena, S.M.P.; Sasaki, J.M.; Soares, J.B.;
Soares, S.A.; et al. Effect of Coal Fly Ash Treatments on Synthesis of High-Quality Zeolite A as a Potential Additive for Warm Mix
Asphalt. Mater. Chem. Phys. 2022, 275, 125197. [CrossRef]

159. Estevam, S.T.; de Aquino, T.F.; da Silva, T.D.; da Cruz, R.; Bonetti, B.; Riella, H.G.; Soares, C. Synthesis of K-Merlinoite Zeolite
from Coal Fly Ash for Fertilizer Application. Braz. J. Chem. Eng. 2022, 39, 631–643. [CrossRef]

160. Zhang, X.; Wang, B.; Chang, J.; Fan, C.; Liu, Z. Effect of Zeolite Contents on Mineral Evolution and Heavy Metal Solidification in
Alkali-Activated MSWI Fly Ash Specimens. Constr. Build. Mater. 2022, 345, 128309. [CrossRef]

161. Chen, J.; Yang, R.; Zhang, Z.; Wu, D. Removal of Fluoride from Water Using Aluminum Hydroxide-Loaded Zeolite Synthesized
from Coal Fly Ash. J. Hazard. Mater. 2022, 421, 126817. [CrossRef]

162. Teng, L.; Jin, X.; Bu, Y.; Ma, J.; Liu, Q.; Yang, J.; Liu, W.; Yao, L. Facile and Fast Synthesis of Cancrinite-Type Zeolite from Coal Fly
Ash by a Novel Hot Stuffy Route. J. Environ. Chem. Eng. 2022, 10, 108369. [CrossRef]

163. Gjyli, S.; Korpa, A. High Catalytic Activity of a Seawater Fly Ash Based Zeolite for Phenol Alkylation. Kinet. Catal. 2021, 62,
270–278. [CrossRef]

164. Mahima Kumar, M.; Senthilvadivu, R.; Brahmaji Rao, J.S.; Neelamegam, M.; Ashok Kumar, G.V.S.; Kumar, R.; Jena, H. Characteri-
zation of Fly Ash by ED-XRF and INAA for the Synthesis of Low Silica Zeolites. J. Radioanal. Nucl. Chem. 2020, 325, 941–947.
[CrossRef]

165. Panasenko, A.E.; Shichalin, O.O.; Yarusova, S.B.; Ivanets, A.I.; Belov, A.A.; Dran’kov, A.N.; Azon, S.A.; Fedorets, A.N.; Bu-
ravlev, I.Y.; Mayorov, V.Y.; et al. A Novel Approach for Rice Straw Agricultural Waste Utilization: Synthesis of Solid Aluminosili-
cate Matrices for Cesium Immobilization. Nucl. Eng. Technol. 2022, 54, 3250–3259. [CrossRef]

166. Lin, X.; Zhang, Z.; Wang, Q. Evaluation of Zeolite Catalysts on Product Distribution and Synergy during Wood-Plastic Composite
Catalytic Pyrolysis. Energy 2019, 189, 116174. [CrossRef]

167. Bai, S.; Zhou, L.; Chang, Z.; Zhang, C.; Chu, M. Synthesis of Na-X Zeolite from Longkou Oil Shale Ash by Alkaline Fusion
Hydrothermal Method. Carbon. Resour. Convers. 2018, 1, 245–250. [CrossRef]

168. Roulia, M.; Koukouza, K.; Stamatakis, M.; Vasilatos, C. Fly-Ash Derived Na-P1, Natural Zeolite Tuffs and Diatomite in Motor Oil
Retention. Clean. Mater. 2022, 4, 100063. [CrossRef]

169. Kumar, M.M.; Jena, H. Direct Single-Step Synthesis of Phase Pure Zeolite Na–P1, Hydroxy Sodalite and Analcime from Coal Fly
Ash and Assessment of Their Cs+ and Sr2+ Removal Efficiencies. Microporous Mesoporous Mater. 2022, 333, 111738. [CrossRef]

151



Energies 2023, 16, 6593

170. Gollakota, A.R.K.; Volli, V.; Munagapati, V.S.; Wen, J.C.; Shu, C.M. Synthesis of Novel ZSM-22 Zeolite from Taiwanese Coal Fly
Ash for the Selective Separation of Rhodamine 6G. J. Mater. Res. Technol. 2020, 9, 15381–15393. [CrossRef]

171. Mokrzycki, J.; Fedyna, M.; Marzec, M.; Szerement, J.; Panek, R.; Klimek, A.; Bajda, T.; Mierzwa-Hersztek, M. Copper Ion-
Exchanged Zeolite X from Fly Ash as an Efficient Adsorbent of Phosphate Ions from Aqueous Solutions. J. Environ. Chem. Eng.
2022, 10, 108567. [CrossRef]

172. Chen, Q.; Zhao, Y.; Qiu, Q.; Long, L.; Liu, X.; Lin, S.; Jiang, X. Zeolite NaP1 Synthesized from Municipal Solid Waste Incineration
Fly Ash for Photocatalytic Degradation of Methylene Blue. Environ. Res. 2023, 218, 114873. [CrossRef]

173. Soongprasit, K.; Vichaphund, S.; Sricharoenchaikul, V.; Atong, D. Activity of Fly Ash-Derived ZSM-5 and Zeolite X on Fast
Pyrolysis of Millettia (Pongamia) Pinnata Waste. Waste Biomass Valorization 2020, 11, 715–724. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

152



Citation: Skrzyniarz, M.; Sajdak, M.;

Zajemska, M.; Biniek-Poskart, A.;
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Abstract: The main goal of the study was to assess the possibility of practical use of products of
pyrolysis of refuse-derived fuel (RDF), i.e., pyrolysis gas, biochar and pyrolysis oil, as an alternative
to standard fossil fuels. The subject matter of the paper reaches out to the challenges faced by the
global economy, not only in the context of the energy crisis, but also in the context of the energy
transformation currently beginning in Europe. The increase in fuel and energy prices prompts
countries to look for alternative solutions to Russian minerals. At the same time, the growing amount
of municipal waste forces the implementation of solutions based on energy recovery (the amount
of municipal waste per EU inhabitant in 2021 is 530 kg). One such solution is pyrolysis of RDF, i.e.,
fuels produced from the over-sieve fraction of municipal waste. In Poland, insufficient processing
capacity of thermal waste conversion plants has led to significant surpluses of RDF (1.2 million Mg of
undeveloped RDF in Poland in 2021). RDF, due to their high calorific value, can be a valuable energy
resource (16–18 MJ/k). This issue is analyzed in this study.

Keywords: RDF; pyrolysis; steel and iron industry; sustainable production; energy crisis

1. Introduction

The energy crisis that is currently affecting many countries around the world is largely
due to the global economy’s dependence on non-renewable fossil fuels such as coal, oil
and natural gas [1]. Rising energy prices have contributed to the rising inflation, forcing
some industrial plants to reduce or even stop production. Energy costs have also slowed
down economic growth to such an extent that some countries are now heading for a deep
recession. Production in Europe in particular, which consumes large amounts of gas in
production processes, has suffered the most. These plants were forced to reduce their
output because they could not afford to continue operating.

In addition to the energy crisis, the management of municipal solid waste is currently
one of the biggest challenges, especially with regards to the environment [2]. The amount of
municipal solid waste is increasing day by day all over the world [3] due to the continuous
growth of industrialization, urbanization, consumerism, population growth and other
factors [4]. Improper waste management has a negative impact on the environment [5],
contributes to an increase in the amount of methane emitted into the atmosphere (which
is one of the main factors responsible for global warming), causes deterioration of water
quality and soil properties, and adversely affects human health [6]. Literature data show
that since 2004 the world’s largest producer of municipal solid waste (MSW) is China,
which in one year collected six billion tons of unprocessed MSW in about 200 out of the 660
metropolises of the country. Improper management of MSW not only has a negative impact
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on the environment, but also poses a threat to public health and raises other socio-economic
problems. Waste-to-energy (WtE) technologies such as pyrolysis, gasification, incineration
and biomethanization [7] can convert MSW into usable energy (electricity and heat) in a
safe and environmentally friendly way [8].

The results of literature research clearly prove that pyrolysis of municipal waste is
a valuable source of secondary fuels, the wider use of which will contribute to further
reducing the amount of landfilled waste, while increasing the diversification of fuel and
energy sources in Poland [9,10].

On a national scale, it is not possible to convert all waste into RDF and, consequently,
it is not possible to use them to the maximum extent in terms of energy [11]. An alternative
to an incineration plant may be pyrolysis and waste gasification technology producing gas,
the composition of which depends not only on the conditions of the process, but above
all on the type of waste incinerated [12]. At present, the most problematic group of waste
in terms of thermal conversion is plastic [13], rubber [14] and textile [14] waste. Spent
railroad sleepers are also noteworthy, impregnated with creosote oil containing, among
others, anthracene, fluorene, phenanthrene, benzo(a)anthracene and benzo(a)pyrene [15].
In addition to hydrogen, carbon monoxide and a small amount of methane, polycyclic
aromatic hydrocarbons (PAHs) (Table 1) are also present in the composition of gas obtained
as a result of thermal conversion of waste. The chemical composition of both pyrolysis gas
and gas from waste gasification can be highly diverse, which translates into the impact of
their combustion on the environment [16].

Table 1. PAH contents in the gaseous product after thermal conversion of municipal solid waste
(MSW) and municipal solid waste co-incinerated with coal (MSW/Coal) in μg/g [16].

PAHs Process Temperature

500 ◦C 600 ◦C 700 ◦C 800 ◦C 900 ◦C
Type of thermally converted fuel

MSW MSW/Coal MSW MSW/Coal MSW MSW/Coal MSW MSW/Coal MSW MSW/Coal
2-ring 57.3 21.3 184.0 41.2 288.1 44.4 43.42 22.73 400.0 25.2
3-ring 671.8 67.26 1221.6 108.1 4283.7 257.9 5619.3 285.2 3078.9 884.5
4-ring 225.5 5.30 783.8 9.6 4040.6 15.2 1110.2 9.2 2002.3 1132.5
5-ring 14.4 0.52 98.9 0.2 835.4 4.9 100.1 0.1 235.8 70.9
6-ring 3.36 0.06 30.6 0.0 201.2 2.0 0.4 0.1 119.1 37.5
Sum 972.4 94.60 2319.0 159.2 9649.1 324.5 6873.4 317.5 5836.2 2150.8

Due to the energy crisis, many industries, including the iron and steel sectors, are
facing economic problems and a loss of competitive advantage [17]. In connection with the
above, numerous efforts are being made to increase energy efficiency of the metallurgical
industry and thus reduce production costs, through, inter alia, the use of waste energy and
alternative fuels (Figure 1) [18,19].

As revealed by literature sources, the iron and steel industries have great potential
and opportunities to increase their energy efficiency, reduce carbon dioxide emissions
and, as a result, promote sustainable development by replacing conventional fuels used in
metallurgical processes with alternative fuels, including biomass (Figure 2) [20].
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Figure 1. Potential opportunities to improve energy efficiency of the metallurgical industry [20].

Figure 2. The idea of linear and circular economy in the metallurgical sector [8].
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2. Theoretical Background

2.1. Energy Potential of RDF

RDF is a type of alternative fuel produced from MSW. Their calorific value is estimated
at about 16–18 MJ/kg [21]. The process of producing RDF consists of separating com-
bustible substances (rubber, paper, plastics, wood, etc.) from the municipal waste stream
by sorting [10]. Thanks to pelletization, RDF is characterized by a homogeneous particle
size, but the diverse composition of these fuels may cause high variability of their physico-
chemical properties. It is worth noting, however, that the Polish waste segregation system
primarily uses mechanical-biological waste treatment plants, thanks to which adverse vari-
ability of the composition is reduced and a good input material for the production of RDF
is obtained. The fraction selectively separated from the solid waste stream is characterized
by increased stability of the material composition, and the impact of the waste collection
site is negligible (Figure 3) [22,23].

Plastics

Foil

Carton

Paper

Textil waste

Glass

Other

Figure 3. Typical composition of alternative fuels produced from mixed municipal waste
in Poland [24].

Research by the authors of the publication [24] showed that the composition of 12 sam-
ples of alternative fuels was dominated by combustible components, such as plastics,
wood, textiles, paper and cardboard, which together accounted for 94% of the mass of RDF.
Other components found in the fuels were non-flammable and their presence negatively
affected the calorific value of RDF. Producers and consumers of alternative fuels want
the non-flammable fraction to constitute the lowest possible percentage of the fuel mass.
This fraction should not be present in the alternative fuel, but often contaminates it as a
result of bonding with other waste [24]. For comparison, Figure 4 shows the composition
of solid recovered fuel (SRF)/refuse-derived fuel (RDF) in selected European countries.
Composition studies were conducted between 2009 and 2019 and the results were averaged
for all the countries [25]. Differences in the composition of fuels produced from waste may
result from different waste management models in the individual countries. The culture
and the ways of disposing of waste can also have an impact, as well as, for example, the
way products are packed and the type of material used for this purpose.

2.2. Legal Background of Energy Recovery from RDF

Thanks to the departure in the EU from the linear economy model to the circular
economy (CE) and the implementation of the “zero waste” idea, all of the EU countries
are striving to stop landfilling municipal waste [26]. Changes in waste management are
expected to have a beneficial impact on the economy, the environment and the health
of residents of EU countries. One of the main documents introducing changes in waste
management is the “Circular Economy Package” (2015), which implements long-term
measures to reduce landfilling and to increase the reuse and recycling of waste [27].
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Figure 4. Typical compositions of samples of SRF/RDF commercially produced from municipal solid
waste (Finland, UK, Italy) [25].

In Poland, appropriate legislative measures were also taken, convergent with the EU
legislation and with the Regulation of the Minister of Economy (in force since 1 January
2016) which prohibit, among other things, the landfilling of high-calorific waste, i.e., waste
with a combustion heat above 6 MJ/kg of dry matter (Figure 5) [28]. Although legal
solutions to minimize the problem of waste storage have already been introduced and
are in force, RDF have not obtained the status of “fuels” yet. These materials are still
categorized as waste identified with code “19 12 10”. Additionally, until now, neither the
EU nor the Polish legislator has clearly defined what parameters RDF should have [29]. The
lack of top-down unification of RDF parameters results in great freedom in determining the
requirements of various industries or enterprises regarding these fuels. For example, the
main clients for RDF (cement plants) approach these requirements very rigorously, setting
fuel specifications at a very high level (Table 2).

Figure 5. Waste management in terms of calorific value [24,28,29].
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Table 2. Required specifications of RDF (19 December 2010), ODRA S.A. cement plant.

Parameters Units Acceptable Limits Values

Total moisture content % ≤18.0
Total sulfur content (operating condition) % ≤0.5
Chlorine content (dry state) % ≤0.7
LHV (operating condition) GJ/Mg ≥20.0

Taking into account the amount of municipal waste produced each year in Poland
(about 13.7 million tons, year 2021), the part suitable for thermal conversion accounts
for 21.5% (2.7 million tons) (GUS data source). Cement plants burn only about 1 million
tons per year (very restrictive calorific value standards > 18–20 MJ/kg), which means that
other consumers, for example heating plants, are unable to consume all the fuel that is
produced [24]. The constant increase in the amount of municipal waste also causes an
increase in the production of fuel from waste. The need to manage the newly created waste
fuel may be noticed in the extraction of fossil fuels, which in turn will have an impact on
the climate and energy economy [30].

2.3. Processes of Thermal Conversion of Municipal Waste

In order to prioritise environmental concerns, European legislation mandates Member
States to adhere to progressively rigorous rules pertaining to waste management and the
mitigation of pollutant emissions. The objective of this initiative is to reduce the amount of
trash that is disposed in landfills by promoting the utilisation of thermal waste conversion
techniques for the recovery of materials and energy [31]. Thermochemical conversion
methods like as pyrolysis and gasification have been found to result in reduced emis-
sions of pollutants into the atmosphere as compared to combustion [32]. Moreover, these
methods are considered economically feasible for the treatment of municipal or industrial
waste. In recent years, there has been a growing recognition of the significance of pyrolysis
and gasification techniques in mitigating the environmental consequences associated with
combustion processes and the generation of power from waste materials. The employment
of these methodologies facilitates significant adaptability in the utilisation of primary re-
sources and also facilitates the acquisition of chemical energy in the shape of hydrocarbon
products, alongside electrical power. The widespread adoption of waste-to-energy technol-
ogy has the potential to reduce reliance on fossil fuels. According to a study conducted in
the United States [33], the substitution of 0.4 tons of coal used for electricity production can
be achieved by recovering each ton of municipal waste. It is anticipated that the widespread
use of these technologies in the United States will result in a significant decrease in coal
consumption, estimated to be approximately 100 tons year [33].

The circular economy model incorporates the utilisation of energy derived from
trash, resulting in the neutralisation of the energy balance for several waste materials.
The utilisation of the latent energy present in waste materials should be harnessed in
order to fulfil energy demands, specifically for the generation of heat and electricity. The
economic and environmental justification for harnessing the potential of garbage has
been documented [34].

It is important to acknowledge that, in accordance with the relevant waste management
hierarchy, the process of energy recovery takes precedence above recycling and composting.
Hence, it is imperative to take into account the categorization of trash that is neither
economically viable or technically unfeasible for recycling and composting (as seen in
Figure 6) [26,35,36].

To release energy stored in waste, various methods of thermal conversion are used:
incineration, pyrolysis, torrefaction and gasification (Figure 7) [37].
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Figure 6. Waste management hierarchy [28].

Figure 7. Methods of thermal conversion of waste [38].

The thermal conversion techniques depicted in Figure 7 are employed globally in
diverse combined heat and power facilities to generate both electricity and heat [27]. How-
ever, it is important to note that each of these processes exhibits variations in parameters,
including atmospheric conditions (namely the presence of oxygen), operating tempera-
ture, reactor system, and other factors. The assessment of end products and intermediate
products is conducted to ascertain their quality. The temperature of a thermal process is
mostly influenced by the appropriate design of the plant, the kind of reactor, and the input
materials [39,40]. In underdeveloped nations, the practise of pre-treating trash is typically
not observed in the context of incineration, as untreated municipal waste is commonly
utilised as a primary input. Tables 3–6 in the cited literature [9,41–44] provide a compre-
hensive analysis and comparison of the various approaches employed for the thermal
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conversion of waste. Without a doubt, combustion is the prevailing mechanism of thermal
conversion [45]. The technique described is well recognised and may be easily initiated and
implemented in various regions, thanks to the prevalence of technology and the existence
of ubiquitous infrastructure [27]. Nevertheless, combustion has numerous drawbacks in
comparison to pyrolysis or gasification techniques [46].

Tables 3–6 present a comparative analysis of the primary benefits and drawbacks
associated with pyrolysis and gasification methods, as indicated by reference [47].

Table 3. Comparison of advantages and disadvantages of the pyrolysis process [48–50].

PYROLYSIS

• The sole thermochemical process capable
of producing liquid, solid, and gaseous
fractions suitable for immediate
utilisation in diverse power plants;

• A process with high flexibility, ability to
control parameters (temperature,
pressure, dwell time) so as to obtain the
desired product;

• Complete destruction of toxins (furans
and dioxins);

• The process is suitable for the disposal of
many types of plastics and other
waste groups;

• Environmentally friendly—low NOX and
CO2 emissions;

• Less exhaust gas;
• [Higher efficiency of energy recovery

from] waste compared to other methods
of disposal;

• Energy recovery rate of up to 80%.

High initial investment costs;
The need for fuel with a high calorific
value is driven by the necessity for
processed waste, particularly plastics, to
possess a high calorific value in order to
ensure the quality of the secondary fuels
derived from them;
High water content in liquid
oily products;
Technology little known to the “average
person”, which raises concerns
about its use.

Table 4. Comparison of advantages and disadvantages of the gasification process [41,48,49,51].

GASIFICATION

� High energy efficiency of the process and
reduction of pollutant emissions;

� The resulting syngas is easy to purify
compared to flue gas treatment after
conventional waste incineration;

� Waste gasification technologies using
cogeneration systems based on
reciprocating engines enable their use in
existing waste management systems;

� Reduction of waste volume by up to 95%;
� The possibility of using the method to

manage various groups of waste.

Tar production;
High initial investment costs;
Poor availability of infrastructure with
reactors for waste gasification;
Corrosion of metal pipes during reaction;
Higher power consumption;
The amount and composition of syngas
from gasification depending on the type
of waste, gasifying agent, temperature,
pressure and method of gasification.

160



Energies 2023, 16, 6695

Table 5. Comparison of the benefits and drawbacks of the torrefaction process [52–54].

TORREFACTION

� Torrefaction products are biochar
and torgas,

� Torrefied raw material has very low
moisture (1–6%), higher calorific value
and energy density, better abrasion and
more uniform characteristics, lowering
waste volume by 30% and keeping up to
90% of the basic energy in biochar.,

� The possibility of using the method to
manage various groups of waste,

� Torgas produced can be used to dry
torrefied waste/fuel (torgas contains
around 10% of the energy present in the
initial material),

� Financial analyses encourage the
construction of heating plants adapted to
torrefied RDF combustion, showing high
return on investment.

The torrefaction technology has not yet
reached commercial status and is still at
the stage of research and testing in
pilot installations,
High ash content in the fuel,
High initial investment outlays,

Table 6. Comparison of advantages and disadvantages of the combustion process [55–57].

COMBUSTION

� Technology widely known and used on a
massive scale, high availability of boilers
and infrastructure,

� The technological process does not raise
objections from society due to its
universality,

� Combustion reduces up to 90% of the
volume of the burned material.

Combustion releases carcinogenic
compounds such as dioxins and furans,
as well as increases the emissivity of
greenhouse gases and other air and
atmosphere pollutants.,
The need to adapt an expensive exhaust
gas treatment system,
The greatest source of low emission is
heat production (the combustion of
low-quality fuels in boilers).
Combustion wastes resources whose
re-use saves more energy and reduces the
amount of pollution generated,
High initial investment outlays,
Highly energy-intensive process.

The concept underlying the pyrolysis process is the heat decomposition of organic
matter [58], specifically in the case of refuse-derived fuel (RDF), in the absence of oxygen.
This process yields gaseous, liquid, and solid byproducts (Figure 8) [59].
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Figure 8. Diagram of the RDF pyrolysis process [60].

3. Possibilities of Using RDF Pyrolysis Products

Today, both Polish and global heavy industry (including the power generation sector)
is characterized by high energy intensity, in addition to high pollutant emissions [42]. Given
that improving energy efficiency is one of the priorities of the EU’s energy policy, particular
emphasis is placed on all forms of fuel and energy saving [61]. When it comes to Poland,
there are many opportunities to save energy with relatively small financial resources. One
solution is to use pyrolysis gas from the thermal conversion of RDF to fire metallurgical
furnaces without the need for their pre-treatment, which in the case of polycyclic aromatic
hydrocarbons (PAHs) is extremely problematic and expensive [16,62,63].

The issue of management of RDF pyrolysis products deserves attention, as evidenced
by the interest of both waste management and metallurgical companies, among others, due
to the following [64,65]:

• The possibility of managing the surplus RDF;
• The possibility of managing environmentally harmful plastic waste, such as polyethy-

lene (PE), polypropylene (PP), polyvinyl chloride (PVC), polystyrene (PS) [66], textile
and rubber wastes, as well as gaseous products of thermal conversion of these wastes;

• The possibility of reducing the consumption of natural gas for heating furnaces, which
will translate into economic benefits [20,67].

The products of RDF pyrolysis are currently used mainly for energy generation pur-
poses (Figure 9) [46].

Figure 9. Uses of RDF pyrolysis products [24,24,62,68–70].
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The gas fraction produced at higher temperatures, without a catalyst, is characterized
by a high calorific value of about 28 MJ/m3. So high calorific value makes this gas an
attractive fuel which can be used not only in industrial boilers, but also in gas engines and
turbines, enabling the production of electricity and heat [71]. At the same time, gas obtained
after the catalytic process can be used to produce methanol, hydrocarbons, ammonia or
liquid fuels by Fischer–Tropsch synthesis. Pyrolysis gas may also be a potential source of
hydrogen due to its significant content [72]. This aspect can have a significant impact on
the environment, as about 95% of H2 comes from fossil fuels, and the share of this product
in the energy market is increasing due to the growing demand for zero fuel emissions.
Therefore, hydrogen obtained in this way can play an important role in the petrochemical,
electronic, metallurgical and transportation industries. In addition, mention should be
made of the potential use of pyrolysis gas as a fuel in integrated gasification combined cycle
(IGCC) boilers, where its environmentally friendly nature could contribute to reducing the
cost of gas purging equipment [73,74].

Biochar and pyrolysis oil can be used as energy raw materials or as base substances
for the production of various chemicals [75–77]. Oil produced by RDF pyrolysis can be a
good base for the production of substances such as styrene, benzene, toluene, xylenes (BTX)
and naphthalene derivatives [24,60,69–71]. Biochar, which is a solid carbonized product
of thermochemical conversion of municipal waste, is currently a popular alternative to
expensive activated carbon due to its properties, especially in adsorption applications [42].
At the same time, this solid product from the pyrolysis of municipal waste can be a valuable
fuel due to its relatively high calorific value (18–30 MJ/kg) (Figure 10) [42,78].

Taking into account the calorific values (Figure 10) featured by the individual RDF py-
rolysis products, it can be seen that this factor determines their use in the industry [10,74,75].
The energy crisis caused by the armed conflict between Russia and Ukraine, the increase in
fuel prices and the diversification of fuel suppliers are very important factors that affect the
management of pyrolysis gas, biochar and bio-oil [76].

The products of pyrolysis vary in calorific value and composition due to different
parameters [79], including feedstock type, reactor system, gas dwell time, heating rate,
exposure time, temperature, pressure ranges, catalyst activity (if any), and the presence of
hydrogen gas or hydrogen compounds [80].
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Figure 10. Comparison of calorific values of the individual RDF pyrolysis products [10,81,82].

The metallurgical industry is one of the key industries in developed countries [83].
Iron and steel production plays a key role in the global market economy. The world leader
in iron and steel production is China, which supplies more than 50% of all raw materials
in the metallurgical industry to the world market [84]. Metal products are the leading
industrial material in almost every industry. Steel is of great importance for industry,
urbanization and transport [34]. At the same time, the metallurgical industry is one of the
most energy-intensive and polluting industries in the world [85]. These problems are met
by the idea of a circular economy and the EU’s “Green Steel for Europe” program [86],
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the aim of which is to decarbonize the steel industry [87], improve energy efficiency [88],
achieve carbon neutrality and implement sustainability [89,90]. The transformation of the
iron and steel industries is a long and complex process (Figure 11) [91]. Each mill has its
own specificity of production, which involves individual adaptation of solutions to unique,
already operating, process lines [92].

The metallurgical industry is currently intensifying its efforts to reduce CO2 emis-
sions [93]. At the same time, large-scale research is being carried out to reduce the use of
fossil fuels or eliminate them altogether [94].

Figure 11. The path to decarbonization of the metallurgical industry [95].

The products of RDF pyrolysis show great potential for substituting conventional
fuels. Countries such as Brazil show that it is possible to use biochar in the metallurgical
industry. As much as 75% of total production of biochar in these countries goes to the iron
and steel industries. In order for biochar to be used in metallurgy, it must meet strictly
defined requirements, similar to those that characterize conventional fuels [96].

Biochar can replace conventional fuels in several stages of iron and steel production.
Figure 12 shows the potential pathways for biochar to be introduced into the iron and steel
production process [43]. Biochar can replace bituminous coal and coke in, among others:

• coke ovens;
• sintering processes;
• blast furnace processes;
• carbonization of liquid steel.

The metallurgical industry, as one of the most energy-intensive industries, consumes
huge amounts of gaseous fuels. Just one of the mills operating in Poland consumes
2,500,000 Nm3 of natural gas per month. The monthly costs incurred by the company are
EUR 5,575,000. In 2022, during the deepest energy crisis in recent years, the price of natural
gas reached a staggering price of EUR 2.63 (the mean EUR: PLN exchange rate in 2022
was 1:4.68). Steelworks are trying to cut production costs by switching to coke oven gas
supplied from coking plants. Unfortunately, the price of this gas has also increased almost
3 times (0.21 EUR). Taking into account the calorific value of gas from the pyrolysis of RDF,
which varies from 20 to even 30 MJ/m3 [10,26,44,97], one can consider the use of pyrolysis
gas for pre-heating furnaces before the plastic processing of metals [20]. Figure 13 compares
the calorific values of conventional gaseous fuels with those of pyrolysis gas obtained from
the pyrolysis of RDF.
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Figure 12. Biochar applications in metallurgy [95].

Figure 13. Comparison of the calorific values of conventional gaseous fuels with those of pyroly-
sis gas [9,10].

According to Szwaja et al. [67], it is possible to use gas obtained from thermal conver-
sion (in this case from the torrefaction of biomass) for energy purposes in the metallurgical
industry. The authors [20] proposed a concept of using torgas for firing pusher furnaces in
the process of co-combustion with natural and coke-oven gases. The paper has shown that,
despite low calorific value of torgas (6 MJ/Nm3), its energy use offers economic benefits
and, additionally, biochar is produced during the process, which can be used at other stages
of iron and steel production. The use of gases from the thermal conversion of waste, for
example pyrolysis, where the calorific value is much higher than in the case of torgas,
may contribute to reducing the consumption of natural gas, which will ultimately allow
the diversification of fuel and energy sources, while bringing measurable economic and
environmental benefits [20,67].
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4. Analysis of Strengths and Weaknesses of Generating Energy from RDF
Pyrolysis Products

As suggested by numerous literature sources, the pyrolysis of RDF seems to be a
promising solution [9,58]. The management of surplus RDF production has economic,
environmental and social benefits. The use of RDF pyrolysis products for energy purposes,
like any process, shows not only advantages but also disadvantages [47,98,99]. An analysis
of these strengths and weaknesses is presented in Table 7.

Table 7. Strengths and weaknesses of using RDF pyrolysis products as energy sources [47,98,99].

Strengths Weaknesses

(1) The generation of energy from the pyrolysis products
offers environmental benefits:

• More waste managed instead of landfilled;
• Lower emissions of pollutants compared to

conventional combustion;
• Reduced production and use of conventional

fossil fuels.

(2) Pyrolysis is a very flexible process. By controlling the
parameters of the process, you can get larger quantities of
a more desirable product.

(3) Pyrolysis is also suitable for the disposal of various types
of waste, which is very beneficial considering diverse
morphological compositions of RDF.

(4) The pyrolysis plant does not require a large area, which
enables integrating it into the existing infrastructure of the
steelworks or other plant.

(5) The conversion of RDF is in line with the ideas of circular
economy. In addition, the products of RDF pyrolysis can
be further used for generation of energy, which brings the
metallurgical industry closer to carbon neutrality.

(6) Continuous and intensive research on the pyrolysis
process and the possibilities of managing its products
enrich the world of science and bring the economy and
industry closer to the introduction of pyrolysis for use on
an industrial scale.

(7) Finding new applications for pyrolysis products. Proposal
to use pyrolysis gas and biochar for energy purposes,
reducing the consumption of conventional fuels.

(8) Possibility of co-financing investments from domestic
sources (the National Fund for Environmental Protection
and Water Management may co-finance up to 50% of
eligible investment costs—up to PLN 50 million of
non-returnable aid). Significant reduction of investment
costs, which has a positive effect on the willingness to
manage post-process products of the RDF pyrolysis.

(9) The calorific values of pyrolysis gas and biochar are
sufficient to treat them as attractive alternative fuels that
can reduce process costs and bring the steel industry
closer to carbon neutrality.

(1) RDF consists of a processed over-sieve fraction from the
municipal waste stream. This involves additional
processes (grinding, drying, pelletization) that the waste
must undergo before it is delivered to the
pyrolysis reactor.

(2) The chlorine and sulfur contents in RDF, under certain
process conditions, may corrode the plant, which may
shorten the lifetime of the reactor, which will result in
greater expenditures on maintenance.

(3) Unknown investment costs: due to the lack of a pyrolysis
plant operating on an industrial scale, investment and
maintenance, and also profits, are just estimates at this
stage, which discourages local governments and investors
from building new pyrolysis systems.

(4) Insufficient processing capacities of thermal waste
disposal plans and lack of investment financing from
the EU.

(5) Lack of knowledge of the technology by the public, which
may result in social reluctance at the stage of consultations
or plans for the construction of infrastructure. Public
opposition may effectively block or delay the finalization
of the investment.

(6) Low environmental awareness of the society, which may
result in a lack of understanding of the need to obtain new
sources of alternative fuels (a perception of no need to
build new infrastructure for thermal conversion of waste).

(7) Frequent incomprehensible changes in the law, too short
time to implement changes, very high environmental
standards to meet in a short time—all this gives rise to
uncertainty that discourages companies from investing in
new, prospective technologies.

5. Summary and Conclusions

The energy transformation taking place in Europe, additionally stimulated by the
energy crisis resulting from the geopolitical situation and Russia’s military operation
against Ukraine, is a platform for the implementation of new solutions and technologies.
One such solution is to replace fossil fuels with alternative ones. The use of RDF is in this
case an example of a solution that allows for efficient use of industrial and municipal waste,
thus reducing the amount of waste deposited in landfills and at the same time reducing the
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demand for fossil fuels. This approach meets global trends in this area and is in line with the
policy of sustainable development. RDF produced from the over-sieve fraction of waste can
be used in many industries. The metallurgical industry looks particularly attractive in this
case, as it seems to be the most absorbent industry for alternative fuels in the coming years.
This is due to both technological conditions, production costs incurred by metallurgical
companies, as well as the volume of production and the volume of demand for fuels. The
use of biochar or, for example, gases from the thermal conversion of waste makes economic
sense in this case [20]. Despite the investment and adaptation costs that the company must
incur in the initial phase of technological transformation, in the long run it may bring
measurable benefits to the steel industry, which will significantly compensate for the costs
incurred. Already a 20% share of energy produced from biochar would give measurable
effects in the form of a significant reduction in the relationship between the amount of
carbon dioxide from non-renewable fossil fuels and the amount of carbon dioxide from
alternative sources. These are arguments for the implementation of new technologies and
the use of alternative fuels in the metallurgical industry. Reducing CO2 emissions will have
a positive impact on climate change by limiting the greenhouse effect, which will bring
measurable benefits to the entire society [100].
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9. Sieradzka, M.; Rajca, P.; Zajemska, M.; Mlonka-Mędrala, A.; Magdziarz, A. Prediction of gaseous products from refuse derived
fuel pyrolysis using chemical modelling software—Ansys Chemkin-Pro. J. Clean. Prod. 2020, 248, 119277. [CrossRef]

10. Rajca, P.; Poskart, A.; Chrubasik, M.; Sajdak, M.; Zajemska, M.; Skibiński, A.; Korombel, A. Technological and economic aspect of
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Abstract: One of the processes that can serve to valorise low-quality biomass and organic waste is
hydrothermal carbonization (HTC). It is a thermochemical process that transpires in the presence of
water and uses heat to convert wet feedstocks into hydrochar (the solid product of hydrothermal
carbonization). In the present experimental study, an improvement consisting of an increased
hydrophobic character of HTC-treated biomass is demonstrated through the presentation of enhanced
mechanical dewatering at different pressures due to HTC valorisation. As part of this work’s scope,
flashing-off of low-quality steam is additionally explored, allowing for the recovery of the physical
enthalpy of hot hydrochar slurry. The flashing-off vapours, apart from steam, contain condensable
hydrocarbons. Accordingly, a membrane system that purifies such effluent and the subsequent
recovery of chemical energy from the retentate are taken into account. Moreover, the biomethane
potential is calculated for the condensates, presenting the possibility for the chemical energy recovery
of the condensates.

Keywords: digestate; hydrothermal carbonisation; nanofiltration; mechanical dewatering

1. Introduction

Hydrothermal carbonisation (HTC) is promising in terms of the valorisation of vari-
ous types of wet biomass [1–3]. HTC is a thermal valorisation process that transpires in
subcritical water at elevated temperatures (typically 170 to 260 ◦C) [4–6] with a residence
time ranging between 30 min to 2 h [7–11] and at an autogenic pressure, which is higher
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than the saturation pressure of water. During the HTC process, complex reaction pathways
are carried out, with different reactions proceeding in parallel, including hydrolysis, de-
carboxylation, and dehydration as well as aldol condensation and polymerisation [12,13].
Dehydration is important from the perspective of the global processing efficiency of instal-
lations processing wet biomass, as it decreases the number of hydroxyl groups (OH) in the
process [14]. From a practical perspective, a loss of hydroxyl groups makes hydrochars
more hydrophobic both in terms of decreased equilibrium moisture content [15] and with
respect to facilitating mechanical dewatering [14]. Some of the advantages offered by the
process include the improved grindability of the hydrochars [16,17], an enhancement in
pelletising [16], an increased heating value of the valorised biomass [18,19], and improved
sorption capacity for some compounds [20], among others. A positive influence across the
whole value chain of wet biomass has been shown using LCA [21–24]. The HTC process
produces liquid by-products, which contain some chemical energy that could be used for
the production of biogas [25–27].

Ahmed et al. [26] evaluated the influence of HTC process conditions on Capillary Suc-
tion Time (CST) and dewaterability with a centrifuge for sewage sludge samples obtained
from a wastewater treatment plant in Trento, Italy. HTC at 190 ◦C with a residence time of
30 min resulted in the CST decreasing from 2.78 s/g/L for raw sewage sludge to 2.67 s/g/L
for the HTC-treated material [26]. A further increase in the HTC residence time resulted in
a significant decrease in CST, i.e., HTC residence times of one, two, and three hours resulted
in CST values as low as 0.38 s/g/L, 0.37 s/g/L, and 0.27 s/g/L, respectively [26]. This is in
apparent contradiction to the results reported by Wang et al. [28], who observed an increase
in CST for hydrothermally treated samples of sewage sludge from a wastewater treatment
plant in Hefei, China, treated at temperatures ranging between 50 ◦C and 170 ◦C with a
residence time of 30 min. Wang et al. [28] attributed this to the disintegration of flocs caused
by the thermal treatment. It seems plausible to suspect that the relatively low temperature
and residence time of the hydrothermal treatment applied by Wang et al. [28] was enough
to disintegrate the flocs but not enough to decrease the content of oxygenated functional
groups (i.e., OH groups) forming on the surface of the hydrochars, which has a maximum
at a certain hydrothermal treatment temperature and then decreases with a further temper-
ature increase, as reported by Jain et al. [29]. Gao et al. [30] reported the benefits of the in
situ mechanical dewatering of sewage sludge in an HTC reactor, resulting in a reduction of
27.7–59.6% of the moisture content, depending on the HTC severity. Wang et al. [31] also
reported a decrease in the moisture content of sewage sludge using in situ dewatering in
an HTC reactor and demonstrated that the dewatering performance is significantly better
in hot conditions in comparison to dewatering performed after cooling the products to
ambient temperature for HTC performed at 180 ◦C with residence times ranging between
10 and 90 min. Aragon-Briceño et al. [32] demonstrated the positive influence of HTC
treatment on mechanical dewatering for the digestate from the anaerobic digestion of
the wet fraction of municipal solid waste treated at temperatures ranging from 180 ◦C to
230 ◦C with residence times of 30–120 min. Wilk et al. [33] treated effluents after the HTC
of sewage sludge with vacuum distillation and demonstrated that the chemical oxygen
demand (COD) of the filtrate decreased 32-fold during the process. Czerwińska, Śliz, and
Wilk [34] reported that distillation at atmospheric pressure caused a 95% decrease in COD
and total organic carbon (TOC). Czerwińska et al. [35] performed a double nanofiltration
of effluents after HTC, achieving an 84.5% decrease in COD.

Lisseth et al. [36] proposed recovering heat by using flash vapours as the heat source
in an installation with HTC. Such a generation of vapours would also entail the removal
of moisture from the hydrochars. This waste stream, i.e., the condensate obtained in the
distillation process, can be both a source of water and valuable substances. However, this
requires its proper processing. To recover water and high-value substances, membrane
pressure-driven processes can be used, among which nanofiltration seems to be the most
useful method.

The aims of this work are as follows:
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• The optimisation of the dewatering pressure of municipal solid waste digestate after HTC;
• The determination of a possible means of purifying the condensate with nanofiltration

membranes after the condensing of vapours flashed for heat recovery after HTC;
• The evaluation of the biomethane potential of flashed vapours.

2. Materials and Methods

Samples of the digestate, produced using the organic fraction of municipal solid waste,
were taken from a biogas plant located at the premises of ZGO Gać near Oława in Lower
Silesia, Poland. The diagram of the experimental setup for hydrothermal carbonisation
(Figure 1) given below shows the autoclave rig. The autoclave was filled with 3.0 litres
of wet digestate, which had solid content of 30%. Moisture content was determined with
Radwag MA.X2.A (Radom, Poland)at 105 ◦C.

Figure 1. Diagram of the HTC rig (1—vessel; 2—thermocouple; 3—PLC; 4—heaters; 5—cotton filter;
6—filter’s base; 7—effluent; 8—separated hydrochar; 9—safety valve; 10—purge gas; 11—flashing-off
valve; 12—laboratory cooler).

HTC temperature of 200 ◦C was chosen based on the range between 200 ◦C and
260 ◦C [37,38] specified in the literature and by taking into account the design preference in
industrial-scale HTC installations for a lower range of pressure, which allows for compara-
bly lower thickness of a reactor’s walls. After heating the biomass with a heating rate of
1.57 ◦C/min, the biomass was kept in the reactor for 120 min. Subsequently, the heating
was halted, and the rig was allowed to cool overnight.

Flashing-off was performed, after the separation of wet hydrochars from liquid efflu-
ent, at a temperature of 110 ◦C. When this temperature had been achieved in the autoclave,
the flashing-off valve was slightly opened, and vapours were released into an Allihn-type
glass cooler with 1 m of effective length and cooled with tap water. The opening of the
valve was kept at a level allowing for a sufficient pressure drop in order to prevent the
glass cooler from shattering due to vapour pressure. Condensate was collected for 2 h into
5 containers, with each container being changed after approx. 25 min. Characterisation of
each condensate was carried out according to the Standard Methods for the Examination of
Water and Wastewater, 23rd Edition. Chemical Oxygen Demand (COD), Biological Oxygen
Demand (BOD5), Dissolved Organic Carbon (DOC), pH, conductivity, dry mass, alkaline
metal content (Na+, Mg2+, Ca2+, and K+), phosphorus content (total P and PO43−), nitrogen
content (total nitrogen, NO3

−, and NH4
+), sulphate content (SO3

2−), and halogen content
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(Cl−, Br−, and F−) were determined. The characteristics of the test solutions (K0–K4) are
presented in Table 1.

Table 1. Properties of the test solutions of condensate.

Parameter
Test Solution

K0 K1 K2 K3 K4

pH 8.12 10.46 10.88 9.98 9.61
conductivity, mS/cm 32.8 8.23 5.74 1.841 1.042
dry mass, mg/dm3 27,050 790 850 680 570
COD, mg O2/dm3 30,940 2670 2130 1410 840
BOD5, mg O2/dm3 6200 484 448 464 460
DOC, mg C/dm3 7970 1250 940 660 370

N-NH4
+, mg/dm3 3026 2364 2396 327 218

N-NO3
−, mg/dm3 0 0 0 17.6 18

N, mg/dm3 3280 2880 2640 389 261
Na+, mg/dm3 2300 1720 1290 630 460
K+, mg/dm3 2150 1580 1030 550 390

Mg2+, mg/dm3 285 41 11.8 10.3 10.9
Ca2+, mg/dm3 440 95.2 22.1 20.8 21.3
F−, mg/dm3 82.5 8.14 2.83 11 11.3
Cl−, mg/dm3 5965 35 50.2 14.6 14.1
Br−, mg/dm3 14.6 1.14 1.14 0.25 1.24

P-PO4
3−, mg/dm3 30.3 5.52 2.54 2.87 3

SO4
2−, mg/dm3 1240 83.3 45 35.8 35.4

P, mg/dm3 31.8 6.2 5.3 5.6 4.9

Treatment of individual condensates was carried out using NPO10P and NPO30P flat
nanofiltration membranes from Mann + Hummel Water & Fluid Solutions (Ludwigsburg,
Germany). Their characteristics are shown in Table 2.

Table 2. NF membranes used in the experiments [39].

Membrane
Type

Membrane
Material

Na2SO4

Retention
MWCO,

kDa
Contact
Angle

Max Temp.,
◦C

pH Range
Effective
Filtration

Surface, cm2

NP010P polyethersulfone 25–40% 1040–1400
62.5◦ 95 0–14 45.3NP030P 80–95% 520–700

The membranes were conditioned before the actual membrane filtration process by
filtering the redistilled water through the membranes successively under different trans-
membrane pressures from 0.1 to 0.4 MPa until constant water flux values were obtained.

After each experiment, the membranes were cleaned (chemically regenerated) with
0.1 mol/dm3 of NaOH solution (Avantor Performance Materials Poland S.A., Gliwice, Poland)
and rinsed with redistilled water until the initial values of permeate flux were obtained.

The nanofiltration process was carried out on a test stand equipped with an Amicon
8400 cell produced by Millipore (Figure 2). This cell allows for a dead-end filtration process
and is designed to work with flat sheet membranes. The volume of the Amicon 8400 cell is
400 cm3, and the membrane diameter is 76 mm. The cell was placed on an ARE magnetic
stirrer produced by OMC Envag (Warsaw, Poland) so that the contaminant concentration
was uniform throughout the solution volume. The transmembrane pressure used in this
study was 0.3 MPa.
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Figure 2. Amicon 8400 dead-end membrane system (1—filtration cell, 2—membrane, 3—stirrer,
4—pressurized nitrogen cylinder, and 5—pressure valve).

The separation efficiency was evaluated by determining the concentration of impurities
in the treated solution and in the purified solution and by determining the value of the
reduction factor (removal/retention), R, using the following formula:

R =
(
1 – cp/c0

) · 100, % (1)

where:
cp—concentration of impurities in the treated solution, g/m3;
c0—initial concentration of impurities in the condensate, g/m3.
Equation (2) presents the formula used for the calculation of the theoretical biomethane

potential (BMP) in the condensates.

BMPTh = 0.39·COD· DOC
COD

· 0.9, dm3
CH4

/
dm3

liquid
(2)

To assess the theoretical BMP of the condensates, the stochiometric Formula (3) of
methane oxidation was used. This formula allows for the calculation of the potential
amount of methane produced based on the COD balance of a sample [40].

The COD conversion to methane at 35 ◦C is 0.39 dm3 of CH4 per gram of COD.
Furthermore, a second correction factor was applied to render the prediction more accurate.
The first correction factor was the DOC-to-COD ratio, which was used since the COD refers
to all the organics and inorganics that can be oxidized, while the DOC only refers to the
organic carbon compounds that can potentially be converted into methane. The second
correction factor was the biodegradability of HTC process water, which was 90%. This
factor was based on a comparison of the real BMP reported in previous studies versus the
theoretical BMP value from the normal conversion of the stochiometric formula [25,41].

CH4 + 2O2 → CO2 + 2H2O (3)

3. Results

The obtained results (Table 3) show that HTC resulted in a reduction in the moisture
content of the digestate, as moisture content values of the dewatered hydrochars were
much lower in comparison to the moisture content of the raw digestate (75.7%w.b.) and
the digestate after dewatering at 3 MPa (65.3%). Furthermore, the increase in dewatering
pressure allowed for a further reduction in the moisture content, which allowed achieving
37.1% moisture content after dewatering at a pressure of 10 MPa.
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Table 3. Moisture content of hydrochars after dewatering at different pressures (w.b.—wet basis).

Sample pdewatering, MPa Moisture Content, %w.b.

Raw digestate - 75.7

Dewatered digestate 3 65.3

Dewatered hydrochars

3 45.4
5 42.9
7 41.4

10 37.1

The results of the tests for determining the suitability of nanofiltration membranes for
the purification of condensates obtained in the distillation process of the liquid fraction
of municipal post-HTC digestate are presented in Figure 3. The effect of the membrane
cut-off (MWCO) value on the separation efficiency of the organic compounds from the
analysed solutions was analysed. Upon comparing the results obtained, it can be seen that
both of the tested nanofiltration membranes can be applied in the treatment of condensates,
although a deterioration in the quality of the permeate was observed as the cut-off value
increased. In the nanofiltration process, the separation effect of organic macromolecules
is determined by the sieve mechanism as well as the solution–diffusion mechanism and
electrostatic interactions between the membrane and the solution components. Purification
with the NPO10P membrane allowed for the acquisition of the retention coefficients of
biological oxygen demand (BOD5), COD, and DOC at levels of up to 62, 47, and 50% and,
for the NPO30P membrane, 73, 61, and 82%, respectively. The better separation properties
of the NPO30P membrane may be due to its dense structure. According to Kovacs et al. [42],
the cut-off value of the NPO10P membrane is higher and is in the range of 1010–1400 Da
(with a pore diameter of 0.80–1.29 nm), while that for the NPO30P membrane is 500–700 Da
(with a pore diameter of 0.57–0.93 nm).

Figure 3. Effect of nanofiltration membrane type, i.e., (a) NPO10P and (b) NPO30P, on the efficiency of
the separation of organic pollutants from condensates obtained from the liquid fraction of municipal
post-HTC digestate (Δp = 0.3 MPa).

Upon analysing the results obtained for the individual condensates, it was found that
regardless of the type of nanofiltration membrane, the retention coefficients of BOD5, COD,
and DOC remained at a relatively constant level, which may mean that the duration of the
distillation process had no significant effect on the efficiency of organic compound removal
from the analysed liquids.

In this study, the potential for methane production from the retentate through cascade
membrane filtration was considered for a more circular approach. This approach has
been adopted in some studies that have used the retentates from the membrane filtration
of wastewater for anaerobic digestion to produce biogas. Luo et al. [43] suggested this
approach in their study, where they applied an ultrafiltration/nanofiltration system in a
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dairy wastewater model. They did not conduct experimental work but highlighted this
approach nonetheless, as the retentate from membrane filtration system contained a high
concentration of organics. Chen et al. [44] integrated isoelectric precipitation, nanofiltra-
tion, and anaerobic digestion into a cascade, using a model dairy wastewater. The aim
of the study was to increase the production of biogas (focused on hydrogen) through
concentrating the short chain organics in the retentate and, at the same time, reduce the
fouling of the membrane. The result was an increase in hydrogen in the biogas from
32.4% to 58.8%. Campell et al. [45] used HTC-processed water from spent coffee grounds
and applied nanofiltration and reverse osmosis to treat the process water and reduce its
COD. Both retentates were mixed and subjected to anaerobic digestion, obtaining yields
of 0.21 dm3/gCOD. However, one of the main points to consider is that the retentates can
contain high concentrations of metals and nutrients (phosphorus and nitrogen) that can
inhibit the anaerobic digestion process [46].

Table 4 shows the biomethane potential of the five different retentates. The first sample
of condensate (K0) presented the highest and most significant BMP value compared with
those of the subsequent samples, which gradually decreased. However, an alternative
approach should be considered since nanofiltration has shown significant COD reduction
potential. Therefore, it might be beneficial to perform the anaerobic digestion of the
retentates remaining after membrane purification.

Table 4. Biomethane potential (BMP) for subsequently taken condensate samples.

Parameter
Test Solution

K0 K1 K2 K3 K4

BMP,
dm3

CH4/dm3
liquid

2.80 0.44 0.33 0.23 0.13

4. Conclusions

This research shows that it is beneficial to increase the dewatering pressure in the
dewatering of hydrochars after hydrothermal carbonisation. However, technical difficulties
related to increased problems with the strength of the materials used in the construction
of dewatering presses should also be considered when selecting dewatering parameters.
Flashing-off a share of the liquid by-products seems to be a feasible way to recover the
sensible heat of hydrochars after the HTC process. In this study, the condensates had
some biomethane potential, which could be utilized to further improve the energy balance
of such installations. The nanofiltration membranes, which were made of polyethersul-
fone, demonstrated good COD removal rates, proving their suitability for the purification
of condensates originating from flashed vapours. Overall, the existing possibilities for
the purification of condensates make flashing-off a viable dewatering option. We recom-
mend that further research is conducted on the combination of novel in situ dewatering
methods presented in the literature with the use of flashing as a heat recovery option in
HTC installations.
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