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Abstract: In this study, cattle and pig slaughterhouse wastes (SHWs) were hydrothermally carbonized
at 150-300 °C, and the properties of SHW-derived hydrochar were evaluated for its use as a solid
fuel. The results demonstrated that increasing the hydrothermal carbonization (HTC) treatment
temperature improved the energy-related properties (i.e., fuel ratio, higher heating value, and
coalification degree) of both the cattle and pig SHW-derived hydrochars. However, the improvements
of cattle SHW-derived hydrochars were not as dramatic as that of pig SHW-derived hydrochars, due
to the lipid-rich components that do not participate in the HTC reaction. In this regard, there was no
merit of using HTC treatment on cattle SHW for the production of hydrochar or using the hydrochar
as a solid fuel in terms of energy retention efficiency. On the other hand, a mild HTC treatment at
approximately 200 °C was deemed suitable for converting pig SHW to value-added solid fuel. The
findings of this study suggest that the conversion of SHWs to hydrochar using HTC can provide an
environmentally benign method for waste treatment and energy recovery from abandoned biomass.
However, the efficiency of energy recovery varies depending on the chemical composition of the
raw feedstock.
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1. Introduction

The increase in the consumption of meat and meat products has led to the expansion
of the slaughtering industry and the consequent increase in biological waste production [1].
Slaughterhouse waste (SHW) is the animal product remaining after the manufacture of the
principal commodity in slaughterhouses and formally consists of inedible offal and fats [2].
Most SHW is used as a raw material in the rendering industry for the production of pet and
animal feed. However, outbreaks of livestock infectious diseases, such as foot-and-mouth
disease, mad cow disease, and African swine fever, hinder the use of the SHW in pet
and animal feed production, and even in application as fertilizers [3]. Thus, significant
amounts of SHW are underutilized and are discarded via incineration or landfills. The
disposal methods not only have a negative impact on the environment by generating
secondary pollutants (e.g., odor and leachate), but also lead to an economic burden on the
meat industry.

Recent advances in the SHW utilization pathways include its application as a source
of industrial proteins, enzymes, and lipids [4,5]. Despite being an organic-rich source
for industrial raw materials, SHW has process-applicable limitations and is its use is
considered challenging for functional applications due to its heterogeneous composition
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(e.g., nonorganic compounds) and poor solubility [1,6]. More recently, SHW has received
considerable attention as a feedstock for bioenergy production [7,8], particularly due to its
high organic content. Increasing environmental concerns (e.g., fossil fuel depletion, carbon
emissions, and waste management) necessitate efficient methods for energy recovery and
waste management.

Hydrothermal carbonization (HTC) is a thermochemical reaction-based method which
occurs in a relatively low temperature range (150-300 °C) with moisture and autogenous
pressure [9,10]. The relatively low energy input and mild treatment conditions of HTC
have caused it to receive attention as an alternative biomass treatment technology rather
than conventional thermal treatment technologies (e.g., pyrolysis, combustion) [11,12].
During the HTC reaction, various types of organic matter are converted into a valuable
carbon-rich material (i.e., hydrochar). The operating conditions of the HTC (e.g., treat-
ment temperature) affect the yield, physicochemical properties, and the functionality of
hydrochar [13]. Hydrochar is a multifunctional carbonaceous material which can aid
environmental remediation, soil amendment, and carbon sequestration, as well as serve
as an alternative solid fuel [14]. Recently, the potential use of hydrochar as a solid fuel
has received considerable attention owing to its enhanced heating value, thermal stability,
and material structure, especially when compared to untreated biomass [15]. HTC boosts
the energy-related properties of hydrochar, making it a sole and/or auxiliary fuel source
for combustion facilities [16]. The production of hydrochar using waste biomass and its
application as a solid fuel can double its profits, mitigate the environmental burden of
SHW management, and help find the key to sustainable development. For the above
reason, considerable studies on HTC reactions for hydrochar production and its use as
a solid fuel have gained significant interest in this research area. Li et al. and Roy et al.
reported on potential routes for solid fuel production using hydrochar derived from red
jujube branch and peat moss, respectively [12,17]. Not only experimental research but
also process efficiency modeling and cost analysis studies on HTC reactions have been
published. Lucian and Fiori provide are a useful reference to evaluate the HTC process in
terms of the environment and economics [18].

Herein, we focused on the conversion of cow and pig SHWs into hydrochar. The
properties of the resultant hydrochars were evaluated for their use as solid fuels. We
investigated the effects of the chemical feedstock composition on the hydrochar yield and
properties. Finally, we determined optimal HTC treatment conditions for the tested SHWs
to recover energy more efficiently.

2. Materials and Methods
2.1. Feedstock

Cattle and pig SHWSs were obtained from a domestic meat processing company and
were used as feedstocks for hydrochar production by HTC. The SHWs were moved to
the laboratory immediately after collection, and the impurities (e.g., horn, feather, toenail)
were removed. The cattle SHW used in this study was mainly composed of fat, kidney, and
genitals, whereas pig SHW consisted of fat, liver, lung, and brain tissues. The components
of each SHW type were ground using a cryogenic grinder (SPEX 6875D Freezer/Mill, SPEX
SamplePrep, Metuchen, NJ, USA) and homogenized by blending. The sample pulverizing
was conducted following manufacturer’s instruction, but grinding time and rate were
modified referring to our previous work. The sample (~2 g) was continuously cooled until
—196 °C, and the constant temperature was maintained during the entire grinding process.
The grinding time was 60 s at a rate of 10 cycles per second. To avoid sample spoilage, the
prepared SHWs were frozen (<—20 °C) until further use.

2.2. Hydrothermal Carbonization (HTC)

SHWs were hydrothermally carbonized using a batch-type laboratory-scale reactor at
four different temperatures (150, 200, 250, and 300 °C). The hydrothermal carbonization at
each temperature was conducted in duplicate, and the products were mixed and analyzed



Energies 2021, 14, 1768 30f 10

together. The Teflon-lined stainless-steel reactor body with a total inner volume of 1 L
was connected to a heating control system and a steam condenser. The HTC reaction was
performed for 30 min at the preset temperature, and the pressure of the reactor was not
regulated (autogenous pressure atmosphere was maintained during the HTC reaction).
For each treatment, 300 mL of cattle or pig SHW was loaded with the same volume of
deionized water into the reactor vessel and nitrogen gas was purged for 5 min to create
anaerobic conditions, and it was then sealed. A mechanical agitator was operated at a speed
of 200 rpm, and the contents in the reactor were continuously mixed during the reaction.
After the HTC reaction, the residual steam was discharged, and the inner temperature and
pressure of the reactor were lowered until they reached room temperature and atmospheric
pressure, respectively. Both solid and liquid products of the HTC reaction were collected
and oven-dried overnight at 105 °C. Finally, the hydrochar was obtained as dry matter and
analyzed. The simple layout of the experimental setup is shown in Figure 1.
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Figure 1. Scheme of experimental setup.

The product yield, energy densification (ED), and energy retention efficiency (ERE) of
the hydrochar were determined using Equations (1)—(3):

Product yield (dry basis) = Mass of hydrochar/Mass of feedstock 1

Energy densification = HHV of hydrochar/HHYV of feedstock @)
where HHYV is the higher heating value

Energy retention efficiency = Product yield x Energy densification (©)]

2.3. Analytical Methods

Proximate analyses of ash and volatile matter (VM) contents in the samples were
conducted according to the ASTM D3174 and D3175 standard test methods, respectively.
The fixed carbon (FC) content in the samples was analyzed based on the differences
between the ash and VM contents. ASTM international standard test method E1758-01,
AOAC international method 2001.11, and the procedure recommended by Bligh and Dyer
(1959) [19] were followed to determine the total carbohydrate, protein, and lipid contents in
the test samples, respectively. A high performance liquid chromatography (HPLC) system
consisting of a Waters 2695 Separations Module (Waters, Milford, MA, USA) associated
with a refractive index detector (Waters 2414, Waters, USA) and Sugar-Pak 1 column
(Waters, USA) was employed for determination of total carbohydrate. Deionized waster
was used as the mobile phase and the flow rate was 0.6 mL min~!. The analytical grade for
HPLC standard solution was used (Sigma-Aldrich).

For the instrumental analyses, the dried raw SHW and hydrochars were ground into
fine particles and sieved to particle sizes of less than 250 pm. An elemental analyzer
(Flash1112, Thermo Fisher Scientific, Bremen, Germany) was employed to perform the final
analyses. The HHVs of the test samples were evaluated using a bomb calorimeter (Parr6400,
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Parr Instrument, Moline, IL, USA), followed by a standard method for calorimetric analysis
(US EPA 5050). The functional group changes during the HTC reaction were analyzed using
Fourier transform infrared (FTIR) spectroscopy (Vertex70, Bruker, Karlsruhe, Germany).
The absorbance values of the test samples were in the range of 4000-400 cm .

All analyses were replicated three times for precision, and the average values of
the obtained variables were used. A one-way analysis of variance (ANOVA) test using
Microsoft Office Excel 2013 was conducted to evaluate a significant difference between the
analysis results, where the significance level was determined at p < 0.05.

3. Results and Discussion
3.1. Properties of SHW and Hydrochar

The raw SHWSs were converted into hydrochar during the HTC reaction. The hy-
drochar properties at different treatment temperatures are shown in Table 1. Higher HTC
temperatures led to lower VM and higher ash contents in the hydrochars due to the ac-
celerated hydrolysis rate and dehydration of raw SHW [20]. The hydrochar ash content
affects pollutant emissions and HHVs, thereby determining the suitability of the hydrochar
for use as a fuel source [21]. Many countries regulate the maximum permissible level of
ash content in bio-solid refuse fuel (SRF), and the domestic regulations in Korea allow a
maximum ash dry weight of 15% in bio-SRF. The FC content in the hydrochar gradually
increased with increasing HTC temperatures. The FC content in the cattle and pig SHW-
derived hydrochars increased from 0.10 to 0.55 wt.% (dry) and from 0.27 to 0.76 wt.% (dry),
respectively. Higher FC content in fuels help maintain the stable state of the flame during
the combustion process.

Table 1. Properties of the cattle and pig slaughterhouse wastes (SHWs) and hydrochars.

Cattle Pig

Raw 150 200 250 300 Raw 150 200 250 300

Moisture ! 26.26 - - - - 48.39 - - - -
Proximate analvsis VM 9895 9861 9827 98.09 98.08 9869 98.02 9778 9757 9711
(wt.%, dr )y Ash 0.95 1.23 1.34 1.47 1.37 1.04 1.36 1.49 1.68 2.13
oty FC 0.10 0.16 0.39 0.44 0.55 0.27 0.62 0.73 0.75 0.76
Carbon 6552 6695 6629 7180 7194 5091 5787 6046 6739 71.24
Ultimate analvsis Hydrogen 5.63 5.95 5.32 5.55 5.40 6.53 6.81 5.70 6.07 5.99
(Wt.% drgl Oxygen 2781 2670 2761 2202 2201 4050 3348 3246 2458 21.14
or aty Nitrogen 11.05 0.40 0.78 0.63 0.64 1.97 1.84 1.37 1.96 1.63
Sulfur 0.00 0.00 0.00 0.00 0.00 0.09 0.00 0.00 0.00 0.00
Composition Carbohydrate 1.45 1.34 0.20 0.03 0.00 13.86 2.81 2.25 0.79 0.03
analysis Protein 1.00 1.19 1.00 0.63 0.40 13.13  11.25 8.83 9.63 7.29
(wt.%, dry) Lipid 7475 7566 8233 8505 8532 3325 5072 6932 8506  89.17

1 Moisture content is based on wet weight (wt.%, wet).

The elemental composition of the obtained hydrochar is presented in Table 1. A
gradual increase in carbon content was observed in both the cattle and pig SHW-derived
hydrochars with an increase in the HTC temperature. The carbon content is known to
be closely associated with energy capacity of combustible material [22,23]. The carbon
contents in the cattle and pig SHW-derived hydrochars increased from 65.52 to 71.94 wt.%
(dry) and from 50.91 to 71.24 wt.% (dry), respectively. Meanwhile, a drastic decline in
nitrogen content in the cattle SHW-derived hydrochar was observed with increasing HTC
temperatures. The observation was attributed to the devolatilization of volatile nitrogen
in the raw cattle SHW and the elimination of devolatilized nitrogen into the gas or liquid
phase [24,25]. The deterioration of nitrogen content in feedstock during HTC can lower
NOx emissions during the combustion process if the hydrochar is used as a solid fuel.
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Furthermore, negligible sulfur levels in both the cattle and pig SHWs revealed the potential
use of the hydrochar as a clean energy source without any risk of SOx emissions.

Generally, the variable components in the feedstock undergo complex reactions dur-
ing HTC and affect the hydrochar combustion characteristics [26]. The three main feed-
stock components (i.e., carbohydrates, proteins, and lipids) are associated with prominent
changes in the physicochemical properties of hydrochar [27]. In the cattle SHW, ultrahigh
lipid content was observed (74.75 wt.%, dry), whereas carbohydrates and proteins con-
stituted only 1.45 and 1.00 wt.% (dry), respectively. However, these components were
distributed more evenly in the pig SHW (the content of carbohydrates, proteins, and lipids
equaled 13.86, 13.13, and 33.25 wt.% (dry), respectively). During HTC, carbohydrates tend
to contribute to the formation of hydrochar, while proteins help develop N-heterocyclic
functional groups; lipids do not participate in the formation of carbonization products [26].
Therefore, each component in the raw SHW can cause changes in the energy-related prop-
erties and functional groups of the SHW-derived hydrochar. This issue is addressed in
more detail in the following sections.

3.2. Improvements in the SHW Properties

Figure 2 presents the fuel ratios (FC/VM) and HHVs of the SHWs and hydrochars.
With an increase in the HTC temperature, the fuel ratios of both the cattle and pig SHWs
gradually increased. However, there was no significant increase in the fuel ratio of the pig
SHW above 200 °C. The higher the fuel ratio, the better the produced solid fuel. Because
the FC and VM contents in a combustible material are correlated with the combustion atmo-
sphere by flame violence and heat flow balance, the fuel ratio is essential for determining
fuel source potential [16]. Furthermore, the HHVs of the SHW-derived hydrochars were
investigated to evaluate the energy potential of the hydrochars. As the HTC treatment
temperature increased, all SHW-derived hydrochars had enhanced HHVs. The HHV of the
pig SHW-derived hydrochar markedly increased from 4674 to 8804 kcal kg !, while the
equivalent value of the cattle SHW-derived hydrochar increased only by ~1600 kcal kg~
under the same HTC conditions. This is attributed to the aforementioned differences
in the chemical compositions of the cattle and pig SHWs. Although higher lipid con-
tent in the cattle SHW led to the higher initial HHV of the raw feedstock, the increase
was not dramatic because the lipids were nonreactive during the HTC reaction. Even
so, the hydrolyzed lipids were probably adsorbed onto the hydrochar surface [26], and
the highest HHV of the cattle SHW-derived hydrochar was comparable to that of the pig
SHW-derived hydrochar.

The lower H/C and O/C ratios represent a greater coalification degree and advanced
energy potential [13]. Both the cattle and pig SHWs underwent a combination of complex
chemical reactions, especially dehydration and decarboxylation, during HTC. The coali-
fication degree of the SHW-derived hydrochars gradually increased with an increase in
the HTC temperature. Thus, it can be concluded that the economic value of raw SHWSs
for solid fuel use is improved by eliminating oxygen and hydrogen and proportionally
increasing the carbon content in the product. In this study, the raw SHWs followed the
trend of biomass coalification. However, due to the lipid-rich characteristics of the raw
SHW, the SHW-derived hydrochars are positioned differently to the biomass-derived coals
(i.e., in the upper left corner of Figure 3).
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Figure 2. Fuel ratio and HHVs of the cattle and pig SHWs and hydrochars.

The shift in the coalification degree during HTC was evaluated using the van Krevelen
diagram, which compares the aromaticity (atomic H/C ratio) and the polarity (atomic O/C
ratio) of the samples (Figure 3).
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Figure 3. Van Krevelen diagram of the cattle and pig SHWs and hydrochars.
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Figure 4 shows the energy-related properties (i.e., energy retention efficiency, energy
densification, and product yield) of the cattle and pig SHW-derived hydrochars. The ED
of the SHW-derived hydrochars increased with an increase in the HTC temperature, and
the ED value was improved to the raw SHW feedstocks (the ED of the raw SHW equaled
1.0). Owing to the aforementioned effects of chemical composition on hydrochar formation,
a more substantial increase in ED was observed with the pig SHW-derived hydrochars.
Meanwhile, the product yields of both the cattle and pig SHW-derived hydrochars was
lowered by the continuous loss of VM and organic matter with the augmented severity
in the HTC reaction. The product yield did not decline significantly, and ERE showed
a similar trend to ED. When considering ERE and energy consumption at higher HTC
temperatures, HTC for cattle SHW is not recommended, whereas a mild HTC temperature
of ~200 °C is optimal for converting pig SHW into value-added solid fuel.
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®— Energy densification_Cattle —®— Energy densification_Pig
—O0— Product yield_Cattle —O— Product yield Pig
1.5 2.0 1.5 2.0
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(a) (b)

Figure 4. Energy-related properties of the SHW-derived hydrochars for (a) cattle and (b) pig. * Energy densification of the
raw SHW without hydrothermal carbonization (HTC) = 1.0.

3.3. Changes of Functional Groups during the HTC Treatment

The changes of functional groups on the SHW and hydrochar surfaces were analyzed
using FT1IR spectra analysis (Figure 5). Some noticeable peaks were determined based on dif-
ferent peak intensities at various HTC treatment temperatures. The peak at 3000-2800 cm !
is associated with the aliphatic C—H structure of hydrochars [28]. It represents the mis-
cibility between lipids and water that increases when hydrogen bonding between water
molecules weakens during HTC [29]. The lipid solubility in both the cattle and pig SHWs
increased after HTC, and the lipid content in the raw feedstock probably became completely
miscible under the supercritical conditions. The dissolved lipids were then adsorbed onto
the hydrochar surface or ejected with steam after the HTC reaction. Thus, the relative peak
intensity slightly decreased. The peak observed at 1650 cm ™! is related to the C=0 bond of
the carboxylic group [30], indicating that decarboxylation occurred in both SHW-derived
hydrochars during the hydrothermal reaction. The reaction was more intense at higher
HTC temperatures. The observation of the corresponding peak in hydrochars confirmed
the results of the van Krevelen diagram and the H/C and O/C ratios obtained herein.
The changes in peak intensity at 1130 cm ™! with respect to the C-O bond represent the
carbohydrate component in the SHW [31]. The peak collapse is observed between HTC
temperatures of 200 and 250 °C, revealing the thermal degradation of carbohydrates [32].
In summary, the FTIR spectra analysis demonstrated that the studied SHWs were well
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functional groups were attributed to the inherent properties of the cattle and pig SHWs.
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Figure 5. Fourier transform infrared (FTIR) spectra of the raw SHWs and hydrochars for (a) cattle and (b) pig.

4. Conclusions

This study focused on the hydrothermal treatment of cattle and pig SHWs and the
potential use of SHW-derived hydrochars as a solid fuel to reduce the environmental and
economic burden on the meat industry. Both the cattle and pig SHW-derived hydrochars
demonstrated enhanced energy-related properties. However, the cattle SHW treated with
HTC was not effective in terms of energy retention due to the lipid-rich characteristics
of raw cattle SHW. A relatively low HTC treatment temperature (approximately 200 °C)
was found to be suitable for pig SHW. Thus, the HTC of cattle and pig SHWs may prove
effective for waste management and the production of solid fuel. The HTC treatment
efficiency should be considered as it changes based on the chemical composition of the
raw feedstock.
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