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Abstract: Experimental studies of steam and CO:-assited allothermal gasification of the original wet
(moisture a=70%) and partly dried pig manure (PM) with a=45% and 15% are conducted on a
laboratory-scale flow-through gasifier equipped with cyclones to capture fly ash particles. The high-
temperature (~2000 °C) gasifying agent (GA) is generated by a pulsed-detonation gun operating on
the stoichiometric natural gas (NG) — oxygen mixture. The dry off-gas obtained from the original wet
PM typically contains 33—41 vol.% CO2, 34—40 vol.% CO, 17-22 vol.% Hz, 2.5-4.0 vol.% CHa, and 0-
2.5 vol.% CxHy with propane being the highest registered (less than 0.1%) hydrocarbon in CxHy, i.e.,
there is no tar as a gasification by-product. The reduction of feedstock moisture allows for reducing
the yield of CO: to 25% and increasing the yields of CO, Hz, and CHa to 45%, 25% and 5%,
respectively. The size of solid residue particles taken from the cyclones ranges from 0.5 to 12 um. The
mass of solid residue is somewhat larger than the ash content in the dry PM due to the premature
escape of partly gasified PM particles from the flow reactor. The results of experiments in terms of
the off-gas temperature and composition agree satisfactorily with the results of thermodynamic
calculations if one takes heat losses into account. In the existing version of the laboratory-scale setup,
only about 33% of the thermal energy of the high-temperature GA is utilized for PM gasification,
while the rest 67% is transferred to the coolant and environment. At these conditions, gasification of
1 kg of dry PM with the use of 1 kg of stoichiometric NG-oxygen mixture results in the production of
1.91 kg of combustible off-gas diluted with 25 vol.% CO.. To improve the energy efficiency of the
gasification process, it is recommended to apply proper thermal insulation and heat recovery. To
increase the yield of combustible gas, it is recommended to use the continuous supply of feedstock
from a feeder and to improve mixing of PM and GA. To increase the carbon conversion efficiency,
special measures must be taken to prevent premature entrainment of PM particles.

Keywords: pig manure; gasification; steam; carbon dioxide; pulsed detonation gun

1. Introduction

One of the prerequisites for the strict legislation regarding livestock by-products in many
countries is the fact that the accumulated volume of livestock waste (manure and droppings)
drastically increases. Thus, the annual increase in the amount of livestock waste in Russia is
approximately 100 million tons, and its significant portion is uncontrollably removed to fields or
stored on unequipped land plots leading to environmental pollution. Of all livestock waste, PM is
the most environmentally hazardous, since it contains significant concentrations of toxic compounds
like ammonia, hydrogen sulfide, mercaptan, etc. [1], and technologies for its processing in large
volumes are currently lacking [2]. There are a number of modern methods for PM processing, namely:
biochemical methods of accelerated composting [3,4], fertilizer production [5,6], anaerobic

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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fermentation [7,8], etc., as well as thermochemical methods of direct combustion [9-12], pyrolysis
[13-15], hydrothermal conversion (liquefaction [16], carbonization [17], and gasification with
supercritical water [18,19]), and gasification [15,20-23].

In contrast to biochemical methods with long processing times (weeks) and complex control,
thermochemical methods are based on relatively fast processes of thermolysis and conversion with
the destruction of pathogens [24], a significant reduction in the volume of feedstock, and the
production of useful products — thermal energy, biogas or syngas (a mixture of Hz, CO, light
hydrocarbons, and CO2), liquid biofuel and a solid residue with an increased concentration of
nutrients (phosphorus, potassium, etc.) [25] and with high porosity, which can be used both as a
fertilizer and as a sorbent for heavy metals and organic pollutants [26]. The use of thermochemical
methods for processing PM is usually complicated by its high humidity and ash content, which
requires additional separation and drying operations.

Direct combustion of PM in grate furnaces or in fluidized bed reactors is considered one of the
promising ways of its utilization for energy production and reduction of greenhouse gas emissions
[27,28], however, cleaning of flue gases from harmful emissions, including furans and dioxins, makes
this method expensive.

Pyrolysis of PM or its compost requires a large amount of energy, which is usually obtained by
burning the PM itself or another organic feedstock. Pyrolysis is usually accompanied by the
formation of three types of products: pyrolysis oil (60-75 wt.%), char (15-25 wt.%) and biogas (10-20
wt.%) [29]. Pyrolysis oil is an acidic mixture (pH from 2.5 to 3.5) of water (up to 30 wt.%) and oxygen-
containing hydrocarbons (acids, alcohols, aldehydes, ketones, aromatic compounds, phenols, and
sugars — more than 200 chemical substances in total) with different molecular weights [30,31]. After
water separation, the higher heating value of the pyrolysis oil obtained from PM and from PM
compost reaches 28.5 [32] and 31.2 MJ/kg [33], respectively, which is significantly higher than that of
the pyrolysis oil obtained from sawdust (23.9 MJ/kg) [33]. To produce biofuel from such pyrolysis oil,
a multi-stage process of catalytic hydrotreating under high pressure is used [34]. The resulting biofuel
possesses increased corrosive activity, and the production of syngas from such biofuel using steam
reforming is difficult due to coking and catalyst poisoning [35]. The char obtained during PM
pyrolysis has a high content of P, N and S and low pH and EC values [36].

Hydrothermal methods use water or steam at very high pressures, which limit their wide
application. Thus, hydrothermal liquefaction (depolymerization) of solid organic compounds
contained in PM uses water at pressures of 10-25 MPa and temperatures of 550-640 K, and produces
biofuel (the main product) with the heating value close to crude oil, and by-products in the form of
gas and solid residue. Hydrothermal carbonization of PM uses a catalyst and an oxygen-deficient
environment based on water/steam at pressures of up to 10 MPa and temperatures of 720-840 K, and
produces biogas rich in hydrogen and biofuel rich in phenol, nitrogen, and aromatics.
Catalytic/noncatalytic gasification of PM with supercritical water (pressure above 22.1 MPa,
temperature above 650 K), which possesses increased solubility of organic substances, produces high-
quality syngas, and an aqueous solution of residual organic substances (phenols, substituted phenols,
carbocyclic and N-heterocyclic compounds, benzene, substituted benzenes, etc.).

For PM gasification, a gasifying agent (GA) (air, steam, carbon dioxide) is used at high
temperatures (above 800 K) and atmospheric pressure, so that under conditions of insufficient or
complete absence of free oxygen, the organic compounds contained in the PM are converted into
syngas or producer gas, which can be used to produce chemicals (hydrogen, ammonia, methanol,
etc.) or burned in boilers, gas piston, and gas turbine units. The PM gasification process is more
energetically efficient than the pyrolysis process [37], although the biofuel obtained by pyrolysis is
more energy-intensive than syngas or producer gas obtained by gasification: the higher heating value
of syngas is 15-20 MJ/Nm?[20,38]. It is also important to note that the use of steam and carbon dioxide
as GAs has a number of advantages. Firstly, steam and CO: consist only of H/O and C/O atoms,
respectively, and, therefore, the resulting syngas is not diluted with other gases. Secondly,
gasification of waste with H2O/CO:z requires significantly less GA due to their high enthalpy values.

d0i:10.20944/preprints202504.0060.v1
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Thirdly, in the absence of free oxygen, the resulting syngas does not contain such toxic compounds
as furans and dioxins [39], which facilitates its purification operations. Fourthly, the amount of
hydrogen obtained during steam gasification of waste is several times greater than during air
gasification. Fifthly, COz as a component of GA can be obtained in the form of flue gases from thermal
power plants and power plants, which will reduce greenhouse gas emissions and reduce the carbon
footprint.

In terms of its potential capabilities, gasification is considered the most promising
thermochemical method of PM processing, however, the disadvantages of existing low-temperature
(up to 1200 K) technologies —low carbon conversion, high content of condensable hydrocarbons (tars)
in the off-gas, and the need to utilize tars and chars - limit its use on an industrial scale. An alternative
to low-temperature gasification is high-temperature gasification, which is carried out at GA
temperatures above 1500 K. At such high temperatures, the gasification products are high-quality
and environmentally friendly syngas and mineral residue in the form of safe slag.

The most well-known high-temperature methods are allothermal electric-arc [40] and
microwave [41] plasma gasification. In electric-arc gasification reactors, the GA passing through the
electric discharge plasma takes on a temperature of ~10,000 K and reacts with waste at a temperature
of 1500-2000 K, converting it into syngas and slag. In microwave gasification reactors, the feedstock
is heated by absorbing high-frequency (several GHz) electromagnetic radiation, and gasification
reactions occur in distributed “microplasma” centers at temperatures up to ~5000 K. Despite a
number of advantages, plasma gasification technologies have disadvantages that limit their
widespread use: they require a huge amount of electricity and special refractory materials.

We have proposed another allothermal method of high-temperature gasification — the
detonation gun method [42] — which has been successfully applied to the disposal of a number of
organic wastes [43—46]. In this method, the high-temperature GA is generated in a pulsed detonation
gun (PDG) and is a mixture of steam and carbon dioxide with a temperature above 1500-2000 K, i.e.
with the temperature of the GA in the electric-arc plasma gasification method. However, unlike
plasma gasification, our method does not require a huge amount of electricity and special refractory
materials. The objective of this work is to apply this method to the gasification of PM.

2. Materials and Methods

2.1. Main Feedstock

The original wet PM is used as the main feedstock (Fig. 1a). The solid fraction of the PM is
composed of particles of various shapes with an average size of ~1 mm. The size of the particles of
the bedding material inclusions is 10-50 mm (Fig. 1b). The density of the original PM samples varies
from 600 to 1250 kg/m?. Drying on a hot surface shows that the moisture content of the original wet
PM varies from 67 to 74 wt.%, i.e., on average 70 wt.%. Figures 1b and 1c show the appearance of the
PM after drying.

(b)
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Figure 1. Photographs of the PM: (a) original feedstock, (b) and (c) feedstock dried on a hot surface.

Table 1 presents the results of elemental CHNS analysis of two samples of the PM, carried out
on an automatic CHNS/O PE 2400 Series II analyzer (Perkin Elmer, USA). The measurement accuracy
is 0.30% abs. The mass fractions of water in samples #1 and #2 are 62.8% and 73.8%. The average
contents of carbon, oxygen, and hydrogen in the dry PM are 45.7%, 37.7%, and 5.8%, respectively.
The hydrogen content is approximately equal to its content in cellulose (CéHioOs)s, whereas the
contents of C and O deviate upward and downward compared to cellulose (in cellulose, the contents
of C, O, and H are 44.44%, 49.34% and 6.22%). Figure 2 shows the IR spectra of cellulose and two
samples of the PM obtained on an IRTracer-100 spectrometer (Shimadzu, Japan) for comparison, with
the IR spectrum of cellulose taken from the spectrometer database. There is a great similarity between
the IR spectra. This means that the feedstock contains bedding material rich in cellulose (e.g.,
sawdust). In addition to C, O, and H, the feedstock contains nitrogen and sulfur, i.e., it contains
nitrogen- and sulfur-containing compounds. Ash content is 8%—9%

Table 1. Results of elemental CHNS analysis of the dry PM.

Sample # C H N S Ash Tel. O,%
wt%  wt% wt.% wt.% wt.% wt.% (100%- XZel., %)

1 4498 5.90 1.40 0.66 8.33 61.27 38.73

2 46.43 5.66 1.88 0.51 8.82 63.30 36.70

average 45.71 5.78 1.64 0.59 8.58 62.30 37.72

(M

4000 3500 3000 2500 2000 1500 1000 500
cm~?

Figure 2. IR spectra of cellulose (a) and two samples of the original PM: sample #1 (b) and sample #2 (c).

Figure 3 shows the results of elemental X-ray fluorescence analysis of the PM performed on an
ARL PERFORM’X spectrometer (Thermo Fisher Scientific Inc., USA; X-ray tube power 2500 W). The
mass fraction of elements with an atomic mass greater than 11 in the feedstock is 6.8%. The mineral
components in the feedstock are mainly represented by compounds of Si, Ca, P, Mg, K, S, Na, Cl, Al,
and Fe.
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Figure 3. Mass fractions of elements in the PM.

Table 2 presents the results of calorimetric measurements of the higher heating value of the PM,
performed in an ABK-1V bomb calorimeter (Russia). The sample of the PM was burned wrapped in
a 20-um thick terylene film in the form of a bag tied with a thread. The bag was placed in the crucible
of the calorimetric bomb, the thread was tied to the ignition wire. The specific heat of combustion of
the film was 22790 J/g. Without the film, it was impossible to burn the sample of the PM due to its
high moisture. In Table 2, m, is the sample mass, m; is the film mass; m; is the thread mass, m,,
is the mass of water formed in the bomb crucible, m; is the mass of the solid residue in the crucible;
snd Qy is the higher heating value determined by the formula:

C-AT —qr — qi — Qign
mg

H=

where C is the heat equivalent of the calorimeter; AT is the temperature rise in the experiment; g
is the heat of combustion of the film; g; is the heat of combustion of the thread; q;4, is the ignition
energy. The average higher heating value of the feedstock is approximately 5.8 MJ/kg.

Table 2. Results of calorimetric measurements of the higher heating value of the PM.

Sample# Mo My m; My ms M, 100% Qn
g g g g g mo KJ/g

1 2.77380  0.24002  0.00780 270  0.14 97 5.64

2 3.08128  0.23941 0.00637 297  0.16 96 5.88

Table 3 shows the dependence of the mass m of the PM sample on the drying time t at room
temperature, where the mass of the dry PM sample is designated as mg,. It is evident that the sample
stops losing mass after approximately two days (48 hours).

Table 3. Dependence of the mass of the PM sample on the drying time at room temperature.

m, g 77.46 34.59 28.30 28.24
t, hour 0 27 48 52
m/myg 2.74 1.22 1.002 1

The dried sample of the PM was burned in a calorimetric bomb without a film. To increase the
sample mass (representativeness of the sample), a bomb with two crucibles located at different
heights in the bomb cavity was used. The thermal equivalent of the calorimeter with such a bomb
was determined in separate measurements and turned out to be the same as with one crucible, if one
takes into account and introduces a correction for the difference in the heat capacities of the crucibles
and fittings. The results of measurements performed with air-dry samples of the PM are given in
Table 4 as #1 and #2. Additional drying of the air-dry sample in vacuum (pressure P < 0.5 mm Hg)
for 16 hours led to a decrease in the sample mass by approximately 0.3%. The results of burning this
sample in a calorimetric bomb are presented in Table 4 as #3. In Table 4, @, is the lower heating value
determined by the formula:

Q, =0y — ’;—V: 100 - 0.02442 J/g
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Thus, the values Q4 =16.5MJ/kg and Q, = 14.6 MJ/kg can be used to estimate the higher and
lower heating values of an air-dry sample of the PM.

Table 4. Results of calorimetric measurements of the higher heating value of the dried PM.

Sample # my Qy ms m, Q.
g K]/g g (%) g (%) K]/g
1 1.560345 16.53 0.07146 (4,6%) 1.20 (77) 14.6
2 1.615495 16.48 0.074685 (4,6%) 1.24 (77) 14.6
3 1.694625 16.75 0.06724 (4%) 1.20 (71) 15.0

2.2. Other Types of Feedstock Used in the Study

In addition to the PM, coffee grounds (waste from coffee machines) with a moisture content of
80% and wood sawdust with a moisture content of 15% were used in the experiments for comparison.
Tables 5 and 6 show the elemental compositions of these wastes, taken from the literature.
Comparison with Table 1 shows that the elemental compositions of all three types of feedstocks are
quite close and differ mainly in ash content: the ash content of the PM (8.6%) is significantly higher
than the ash content of coffee grounds (2.2%) and wood sawdust (0.5%).

Table 5. The elemental composition of dry coffee grounds [47].

C H N S Ash O
wt. % wt. % wt. % wt. % wt. % wt. %
48.5 7.2 2.2 0.2 1.2 40.7

Table 6. The elemental composition of wood sawdust [48].

C H N Ash (@]
wt.% wt.% wt.% wt.% wt.%
48.78 5.85 0.11 0.54 44.72

2.3. Gasifying Agent

Table 7 shows the composition of natural gas (NG) used as a fuel in the PDG.

Table 7. The composition of NG.

Substance CHa C2Hs CsHs CsHaio N2
Content, vol.% 96.1 2.1 0.6 0.2 1.0

The products of pulsed detonation of the stoichiometric NG-oxygen mixture (fuel-to—oxygen
equivalence ratio @ =1.0) are used as the GA. Since methane is the major component of NG, the latter
can be reliably represented as pure methane in thermodynamic calculations. Thus, the calculated
Chapman-Jouguet (CJ) detonation velocity in the stoichiometric methane-oxygen mixture is 2380 m/s
(Mach number Mc; =6.74). The temperature, pressure, and density of the detonation products in the
CJ state are 3700 K, 2.94 MPa, and 2 kg/m?, respectively. The temperature of the detonation products
expanded to the initial pressure P, = 0.1 MPa is 2853 K (2580 °C). The thermodynamic calculation
was performed using the SDToolbox [49] and Cantera [50] codes. Table 8 shows the calculated
composition of the detonation products of such a mixture, expanded to an initial pressure of P, =
0.1 MPa and cooled to a characteristic temperature of 2000 K (this composition does not change when
the products are cooled to lower temperatures).

Table 8. The calculated composition of detonation products of the stoichiometric methane-oxygen mixture
expanded to Py = 0.1 MPa.
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Substance H:0 CO:2 CcO He
Content, vol.% 65.9 32.5 0.66 0.39

2.4. Experimental Setup and Measuring Techniques

Figure 4 shows the schematic of the experimental setup. The main elements of the setup are a
PDG, a vertical flow reactor, a cleaning system, and an off-gas burner. The PDG is a cylindrical tube
with an internal diameter of 50 mm, a length of 600 mm, connected to a splitter tube with an internal
diameter of 40 mm and a total length of 900 mm, and equipped with a mixing and ignition device
(MID) and a cooling jacket. The detonation velocity in the PDG is determined using two ionization
probes (IPs) located at a distance of 250 mm from each other. The operation frequency of the PDG is
v = 0.7-1 Hz. With this frequency, the high-speed and high-temperature GA generated by the PDG
is injected to the flow reactor (see a dashed red arrow in Fig. 4).

Waste feed
system

Cleaning | 63

) Burner
system

Solid Condensate

Outlet residue

Flow
reactor

b-> GA

’
; 7 =ilp s -
: | } D N— Cooling
: system
Contrl :

H unit :

Figure 4. Schematic of the experimental setup.

The flow reactor is a 50-liter tank made from a standard gas cylinder. Compared to [46], the
reactor is equipped with an upper hatch for loading feedstock and a flange for connecting the PDG
(Figure 5a), so that the PDG is connected tangentially to the flow reactor at its bottom through a
splitter tube (Figure 5b). The tube for removing the gasification products (a mixture of the off-gas,
solid residue particles, and unreacted steam) comes out of the upper flange of the flow reactor. The
gasification products continuously flow out of the reactor through the central tube with a diameter
of 15 mm, exiting through the upper flange (the red solid arrow in Figure 4). The tube is deepened
into the flow reactor by 300 mm relative to the upper flange.

(b)

Figure 5. Schematic of the flow reactor with a hatch at the top and bottom flanges for connecting a splitter tube

(a) and a photograph of the flow reactor with a lower hatch for continuous feedstock supply and the splitter tube
of the PDG (b).

Feedstock can be loaded into the flow reactor in two ways: (1) in batches through the upper
hatch and (2) continuously through the lower hatch of the reactor, shown in Figure 5b. The first
method of feedstock loading is taken as the basic one. It allows studying the influence of the batch
mass, feedstock moisture, and the initial temperature of the reactor walls on the parameters of the
gasification process. The disadvantage of this method of feedstock loading is the impossibility of
determining and controlling the rate of feedstock consumption during the gasification process. With
this loading method, the average rate of feedstock consumption can be determined only indirectly by
dividing the mass of the loaded feedstock by the duration of the gasification process. For continuous
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feeding of feedstock, a special piston hydraulic feeder with a volume of 3 L was designed and
manufactured. The operation principle of the feeder is similar to that of a concrete pump. Such a
feeder ensures the feed rate of feedstock that is weakly dependent on external factors.

The composition of the off-gas is monitored by a flow-through gas analyzer MRU Syngas
(Germany), which records volume concentrations of Hz, CO, CO2, CHs, Oz, and N2. The gas analyzer
does not have selectivity for combustible hydrocarbons other than CHs, therefore the total volume
fraction of CxHy compounds is presented as the volume fraction of N2. The error in measuring volume
fractions by this gas analyzer is estimated at 5%. Data on the gas composition is displayed on the
screen and recorded in the memory unit of the gas analyzer. It should be noted that, for better
cleaning, the gas passes through a bubbler — a container filled with diesel fuel before being fed to the
gas analyzer. For more accurate determination of the off-gas composition, including the composition
of C:Hy compounds in it, we also take samples for chromatographic analysis on a Chromatec-Crystal
2000 gas chromatograph (Russia). In this case, in order to check the effect of bubbling on the gas
composition, the gas is sampled both before entering the bubbler and after leaving the bubbler.

A pressure sensor and two thermocouples measuring the average gas temperature in the flow
reactor and the temperature of the reactor wall are installed in the upper part of the flow reactor.
Thus, the composition of the off-gas, the pressure in the flow reactor, and the gas and wall
temperatures in the upper part of the flow reactor are continuously recorded in each experiment.

The process of feedstock gasification is accompanied by the entrainment of feedstock mass from
the flow reactor in the form of small solid particles, and the degree of carbon conversion in such
particles can vary within a wide range. The cleaning system of the gasification products consists of
two cyclones separated by the gas cooling system, and a diffusion burner with a pilot flame for
burning the off-gas in air and visually monitoring the operation process intensity. The off-gas first
passes through a 5-liter "dry" cyclone, where solid particles are screened out, then enters the gas
cooling system, followed by a 2-liter "wet" cyclone for collecting condensate. After each experiment,
all solid residues are removed from the cyclones, and the solid residue from the "wet" cyclone
undergoes a drying procedure. The solid residue is then subjected to elemental CHNS analysis on a
CHNS/O PE 2400 Series 1l automatic analyzer (Perkin Elmer, USA), X-ray fluorescence analysis on
an ARL PERFORM'X spectrometer (Thermo Fisher Scientific Inc.,, USA), synchronous thermal
analysis (DSC + TGA) on an STA ZCT-1 device (JING YI GAO KE, China), calorimetric analysis in an
ABK-1V bomb calorimeter (Russia), and granulometric analysis by wet laser diffraction on an
Analysette22 device (Fritsch, Germany) in the presence of a surfactant during ultrasonic treatment
(50 W).

The concentration of H20 in the off-gas is estimated by the mass of the condensate extracted
from the “wet” cyclone. The composition of the condensate is measured using a set of devices
including a Trace-1310 gas chromatograph and an ISQ mass spectrometric detector. Extraction of the
components contained in the condensate is carried out by adding 4 mL of diethyl ether to 4 mL of the
sample.

2.5. Experimental Methodology

The feedstock is fed into the reactor either in batches or continuously. In the former case, a batch
of feedstock weighing 0.5-1.0 kg is loaded into the flow reactor before the start of experiment. Then
the registration system, the off-gas cooling system, and all PDG systems are started. Thereafter the
cyclic operation of the PDG is started at a given frequency. The feedstock gasification process consists
of two stages — the stage of heating and evaporation of the contained moisture and the stage of
gasification of the dried mass. The end of the first stage is determined by the temperature in the flow
reactor and by the absence/presence of combustion of the off-gas in the diffusion burner. The
cessation of combustion of the off-gas in the diffusion burner conditionally means the end of the
gasification process. The average temperature of the upper part of the flow reactor reaches 250-350
°C by the end of the gasification process of the loaded feedstock batch. It should be noted that
gasification reactions in the reactor mainly occur at local instantaneous temperatures of the GA above
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2000 °C rather than at the gas temperature measured by the thermocouple. In a number of
experiments, the flow reactor is preheated (without feedstock loading) to a wall temperature of 170
300 °C. Batches of PM with different moisture are loaded into the flow reactor: original (~70%),
medium (~45%), and low (~15%).

It is obvious that the option of feedstock-batch gasification is not optimal: due to the low initial
temperature and the large mass of a feedstock batch compared to the mass of the supplied GA, the
gasification process is accompanied by gradual heating of the entire batch of feedstock and, therefore,
occurs at a lower average temperature than with a continuous supply of feedstock. As noted above,
gasification reactions in any case occur at local instantaneous temperatures of the expanding
detonation products of the NG-oxygen mixture at a level of 2000 °C and higher, however, due to the
spatial distribution of feedstock particles in the flow reactor and their nonuniform interaction with
GA jets, only a part of the feedstock is exposed to such high temperatures.

Continuous feedstock supply using the piston feeder with a volumetric flow rate of 0.5-3.3 mL/s
is carried out either into a cold reactor or into a reactor preheated (without feedstock supply) to a
wall temperature of 400 °C. The latter allows increasing the average temperature in the reactor and
improving the uniformity of the interaction of feedstock particles with the supersonic jets of the GA.
The average temperature of the upper part of the flow reactor wall reaches 400 °C. In order to reduce
energy costs for heating and evaporating feedstock moisture, the piston feeder filled with loose and
wet feedstock first squeezes some water from the feedstock and reduces the density by almost a factor
of 3 (from 0.7 to 0.25 g/mL) before feeding the feedstock into the flow reactor.

2.6. Measurement Examples

Examples of some typical measurements made during the operation of the experimental setup
are presented below. Figure 6 shows an example of recording gas temperature T; and the wall
temperature of the reactor Ty, in its upper part in the experiment with loading a 1-kg batch of PM
(70% moisture) through the upper hatch. The process of PM gasification can be divided into two
characteristic stages: the stage of heating and evaporating water contained in the PM, and the stage
of gasification of the dried PM. The first stage obviously corresponds to the time interval T1, since
the gas temperature reaches a plateau of 100 °C and does not rise above for some time. The second
stage conditionally corresponds to the time interval T2 until the flame in the burner is quenched. In
this experiment, T1 =~ 380 s and T2 = 450 s, and the total duration of the gasification process
Ty =830 s. At the end of the gasification process, the temperature T; is 30-40 °C higher than Ty,.

300
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3
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Figure 6. The example of gas and wall temperature records in the upper part of the flow reactor with two stages

of wet PM gasification: T1 — water evaporation stage, T2 — gasification stage.

The primary experimental data on the off-gas composition are the time dependencies of the
volume fractions of gas components measured by the flow-through gas analyzer. It should be noted
that the time it takes for the gas analyzer readings to reach steady-state values for different gases
depends on many factors: the type of sensor; the type of liquid used in the purification columns; the
uniformity of the conversion process; etc. The minimum time it takes for the recorded signals to reach
steady-state values is ~300 s. It is difficult to ensure that the concentrations reach steady-state values
for all experimental conditions. Therefore, it was often necessary to conduct several experiments and
compare the results obtained under the same or similar conditions. Figure 7 shows an example of
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records of the flow-through gas analyzer (left scale) and gas and wall temperatures in the upper part
of the flow reactor (right scale) in an experiment with loading a 1-kg batch of wet PM into the reactor.
The total operation time is about 1100 s (taking into account the mode entry), the duration of the
water heating and evaporation stage is about 250 s, the duration of the gasification stage is about 600
s. At the end of the gasification process, the dry off-gas contains 21 vol.% H>, 40 vol.% CO, 32 vol.%
COx, 5 vol.% CHy, 2 vol.% CxHy and 0 vol.% O, i.e. the off-gas consists of 68% combustible gas. The
average gas temperature and wall temperature in the upper part of the flow reactor reach 190-220
°C.
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Figure 7. The example of records of the flow-through gas analyzer (left scale) and gas and wall temperatures in

the upper part of the flow reactor (right scale) in an experiment with loading a 1-kg batch of wet PM into the

flow reactor.

Figure 8 shows a photograph of the solid residue extracted from the "dry" cyclone in an
experiment with PM gasification. The composition and mass of the solid residue extracted from the
cyclones are used to assess the feedstock gasification efficiency.

Figure 8. The photograph of the solid residue removed from the “dry” cyclone.

2.7. Thermodynamic Calculation

Figure 9 schematically shows the thermodynamic model of the dry PM gasification process. In
this model, fuel (methane) and oxidizer (oxygen) are fed into the PDG, mix with each other, and fill
the tube. Then, after ignition, the detonation wave runs through the mixture at a very high velocity
and converts the fresh mixture into the detonation products consisting mainly of steam and carbon
dioxide compressed to high pressure and heated to high temperature. After the detonation wave
enters the flow reactor, the detonation products expand to 0.1 MPa and are cooled to ~2580 °C. The
dry PM fed into the flow reactor is subjected to thermal, mechanical, and chemical action of a dense
(density of ~2 kg/m?) jet of detonation products, and is converted into the off-gas. The off-gas
continuously flows out of the reactor and is directed to a customer after cooling.
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Figure 9. The model of the PM gasification process with feedstock supply to the flow reactor.

Table 9 shows the average statistical composition of litter-free PM [51]. If one assumes [52] that
the composition of the organic matter in Table 9 is close to the composition of humus, which mainly
contains humic acid (~30 wt.%), fulvic acid (~40 wt.%), and humin (~30 wt.%), then the approximate
elemental composition of the model litter-free PM is presented in Table 10. It follows from Tables 1
and 10 that, in comparison with the model composition of dry PM, the presence of bedding material
in the original PM leads, on the one hand, to an increase in the contents of carbon from 37.7 to 45.7%,
hydrogen from 3.4 to 5.8% and oxygen from 32.3 to 37.7% and, on the other hand, to a decrease in the
content of nitrogen from 5.1 to 1.6%.

Table 9. The average statistical composition of the PM [51].

Organic matter, wt.% N, wt.% Ash, wt.% v, kg/kmol
76.1 241 21.5 15

u is the molecular mass.

Table 10. The model composition of the PM.

C, wt.% H, wt.% N, wt.% O, wt.% Ash, wt.%
37.7 34 5.1 32.3 21.5

The calculations are carried out using the method described in detail in [53] for an adiabatic
system, i.e., heat losses to the environment are not taken into account. It is assumed that the GA is
represented by the products of ideal detonation of the stoichiometric methane-oxygen mixture
expanded to a pressure of 0.1 MPa. Mixing of the feedstock with the GA is considered instantaneous,
homogeneous, and complete. The condensed phase in the gasification products is represented by
graphite.

3. Results

3.1. Calculated Chemical Composition of Gasification Products

Thermodynamic calculations show that 0.3 kg of GA should be used for gasification of 1 kg of
dry PM, i.e., the optimal theoretical PM/GA mass ratio is 0, = 3.4. At £, > 3.4, the yield of solid
carbon (graphite) increases (up to 20 vol.% at a gasification temperature of 1000 K and up to 10-12
vol.% at a gasification temperature above 1200 K). The removal of solid carbon will require additional
technological operations to purify the gasification products and to obtain a high-quality syngas. In
addition, due to the formation of a condensed phase, the volume fractions of the main components
of the off-gas (H2 and CO) decrease, i.e., the mass of the off-gas obtained from 1 kg of PM decreases.
At 0, <34, the volume fractions of steam and carbon dioxide in the off-gas increase, thus reducing
the mass of the dry off-gas and worsening its heating value due to the high content of carbon dioxide.
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Table 11 shows the calculated compositions of the off-gas at gasification temperatures of 1000,
1200, 1500, and 2000 K, and a pressure of 0.1 MPa. According to the calculation, at a gasification
temperature above 1500 K, the off-gas contains only CO, Hz, and N2 (nitrogen is contained in the
model composition of the PM).

Table 11. Calculated compositions of the off-gas obtained from the PM at gasification temperatures of 1000, 1200,
1500, and 2000 K, and a gasification pressure of 0.1 MPa.

Temperature, COy, CO, Ho, N2,
K vol.% vol.% vol.% vol.%
1000 10 45 41 4
1200 0.5 56 40 35
1500 0 57 40 3
2000 0 57 40 3

3.2. Measured Composition of Gasification Products

Table 12 presents the results of experiments conducted with the PM, as well as (for comparison)
the results of the experiments on the gasification of coffee grounds (experiment #1) and wood
sawdust (experiments #17 and #18). Here v is the operation frequency of the PDG; M, is the mass
of the original (wet) feedstock; a is the moisture content of the feedstock; M, is the mass of dry
matter in the feedstock; m; is the mass of the solid residue after gasification; T1 is the duration of the
stage of heating and evaporating feedstock moisture; T2 is the duration of the gasification stage of
the dried feedstock; Ty is the total duration of the feedstock gasification process; q is the mass flow
rate of feedstock when supplied continuously from the feeder; and Ty, is the temperature of the
reactor wall. In addition, the table shows the measured composition of the dry off-gas in terms of
CO,, CO, Hz, CHs, CxHy, and Oz volume fractions as well as volumetric Q;,, and mass Q, lower
heating values of the dry off-gas.
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v M o M m ms T1 T2 T T, CO. CO H: CH: GCHy” Oz Quy Q. @

Bpt Wae G0 O wgt s S g € wm % wwm M Mikg

1 Coffee 0.78 1500 85 225 25 11.1 300 480 780 - 230 37.3 35.2 20.4 5.6 2.9 0 10.7 10.4 g

2 PM 0.78 1500 70 450 80 17.8 300 720 1020 - 260  33.8 38.3 21.7 4.3 1.9 0 10.0 9.5 =)

3 PM 0.63 1000 70 300 50 16.7 300 520 820 - 300 36.1 38.6 21.2 2.8 0.6 0 8.6 7.7 ;

4 PM 0.63 1000 70 300 50 16.7 240 600 840 - 210 339 40.4 20.8 3.1 2 0 9.8 9.6 3

5 PM 1 1000 70 300 49 16.3 160 380 540 - 220  36.5 40.9 19.7 3.5 0 0 8.5 7.5 o

6% PM 1 1000 70 300 44 14.7 - 420 420 - 350 40.7 35.1 17.3 3.7 24 0 9.3 9.3 o

7* PM 1 2000 70 600 72 12.0 - 720 720 - 330 38.5 38.8 18.2 4.1 1.1 0 8.3 7.3 rl?l

8 PM 077 800 15 680 220 32.4 130 1200 1330 - 320 327 42.1 21.1 3.6 0.5 0 9.2 8.3 I_Sn

9 PM 0.63 1000 70 300 20 6.7 380 450 830 - 210 413 34.7 18.7 2.5 2.2 0 8.8 8.8 s

10* PM 050 450 15 425 80 20.9 290 300 590 - 230 324 414 20 3.6 2.5 0 10.3 10.4 o

11 PM 0.63 1000 70 300 30 10.0 - 660 660 - 220  38.7 37 18.7 3.5 1.9 0.3 8.9 9.7 ;

12 PM 0.77 1000 45 550 90 16.4 - 600 600 - 250 347 39.3 194 4 2.5 0.2 9.7 10.5 2

13 PM 0.63 1000 45 550 90 16.4 260 600 860 - 240 34 39.6 20.6 3.7 1.9 0.3 9.5 10.4 3

14* PM 0.63 2000 70 600 - - - 600 600 33 170 522 26.4 15.3 21 2.1 21 6.8 74 ;‘

15* PM 063 650 15 6175 66 10.7 - 980 980 0.62 460 42 33.3 17.9 4.3 2.6 0 9.0 9.8 =

16 PM 063 650 15 6175 62 10 - 1000 1000 0.62 390 39.5 34.6 17.1 6 2.9 0 9.8 10.8 g

17 Sawdust 0.63 600 15 570 70 12.3 - 880 880 050 360  35.7 39.4 17.7 5.2 1.9 0 9.7 10.6 o
18 Sawdust 0.63 400 15 380 110 29 - 250 250 - 340 241 45 24.5 4.1 1.8 0 10.7 11.8
19 PM 0.63 500 15 475 134 28.2 - 280 280 - 400 257 44 24.2 4.5 2.5 0 11.0 12.1
20 PM 063 500 70 150 20 13.3 - 260 260 - 370 393 35.5 18.4 3.8 2.6 0 9.1 9.9

* Preheating of the reactor; **The heat of combustion for CxHy is taken equal 70 MJ/m?, density 1.6 kg/m3.
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The typical composition of the dry off-gas produced by gasification of the original wet (@ =70%)
PM: 33-41 vol.% CO2, 34-40 vol.% CO, 17-22 vol.% Ha, 2.5-4.0 vol.% CHs, and 0-2.5 vol.% CxHy
(Figure 10). A decrease in the yield of COz leads to an increase in the yields of CO and Hz. The yields
of hydrocarbons CHs and CxHy remain approximately unchanged.

PM moisture 70%

Volume fraction, %

Cco2 co H2 CH4 CxHy

Figure 10. Compositions of the dry off-gas produced by gasification of the original wet PM (moisture 70%) with
batch loading of feedstock into the flow reactor at different gasification conditions; the numbers above the

columns are the numbers of experiments in Table 12.

During gasification of dried PM (a =15%), the content of CO:z decreases to 26-32 vol.%, and the
maximum contents of CO, Hz, and CHas increase to 45, 25, and 4.5 vol.%, respectively, i.e., the
produced dry off-gas can contain up to 75% combustible gas. It is interesting that the compositions
of the off-gas produced by gasification of the PM, coffee grounds, and sawdust turned out to be quite
close to each other. To verify this, it is sufficient to compare the results of experiments #1 and #2, as
well as experiments #18 and #19. The lower heating value of the produced off-gas is 7-12 MJ/kg.

Analysis of the data in Table 12 shows that, for fixed PM mass and moisture, an increase in the
operation frequency of the PDG leads to a reduction in the total gasification time (cf. experiments #3,
#4, and #9 with experiment #5). An increase in the PM moisture, all other conditions being equal,
leads to a decrease in the maximum temperature of the reactor wall (cf. experiments #19 and #20). An
increase in the mass of the PM batch loaded into the flow reactor, all other conditions being equal,
leads to a decrease in the maximum temperature of the reactor wall (cf. experiments #11 and #20). All
these observations are consistent with the expected trends. The data in Table 12 allows one to
determine the effect of the various factors, like feedstock type, the method of feeding the feedstock
into the flow reactor, the initial temperature of the reactor walls, etc. on the composition of the
produced off-gas. These effects are discussed in the following subsections.

3.3. Effect of the Feedstock Type on the Composition of the Produced Dry Off-Gas

Additional experiments on gasification of coffee grounds (moisture @ =80%) and wood sawdust
(a =15%) were conducted to see differences in the gasification of the original wet PM (a =70%) and
thermally dried PM (@ =15%). The experiments were conducted with batch loading of feedstock into
the flow reactor. It is noteworthy that the coffee grounds possess a moisture comparable to that of
the original wet PM, and the wood sawdust possesses a moisture similar to that of the thermally
dried PM.

Figure 11a compares the measured dependencies of the volume fractions of CO, Hz, CH4, and
CxHy on the volume fraction of COz in the dry off-gas produced by gasification of the original wet
PM (circles) and wet coffee grounds (triangles), whereas Figure 11b compares similar dependences
for the dry off-gas produced by gasification of dried PM (diamonds) and sawdust (crosses). Different
types of feedstocks which mainly differ in ash content (see Section 2.2), show similar compositions of
the dry off-gas at close values of feedstock moisture. By reducing the moisture, it is possible to
increase the yields of CO, Hz, and CHas to 45%, 25%, and 5%, respectively, and to decrease the yield
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of CO2 to 25%. Thus, it can be expected that the gasification method under study allows processing
different types of feedstocks without stopping the line and switching to other settings.
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Figure 11. Measured dependencies of CO, Hz, CHs, and CxHy volume fractions on the volume fraction of CO2 in
the dry off-gas produced by gasification of: (a) original wet PM (a =70%) and wet coffee grounds (@ =80%), and
(b) dried PM (a =15%) and sawdust (@ =15%).

3.4. Effect of the Feedstock Feeding Method and the Initial Temperature of Reactor Walls on the Dry Off-Gas
Composition

As an alternative to the basic method of feedstock loading, we have also developed and applied
a hydraulic piston-driven feeder, which ensures a controllable constant linear speed of piston
movement and feedstock supply into the flow reactor. It was expected that gradual feeding would
lead to improved mixing of the feedstock with GA and, consequently, to an increase in the carbon
conversion efficiency and in the yields of CO and Hz, and a decrease in the yield of CO2. However,
due to technical difficulties that arose, any noticeable increase in the yields of CO and H: and a
decrease in the yield of CO2 have not yet been achieved. Therefore, only preliminary results obtained
with gradual feedstock feeding are presented here.

During the gasification process, the flow reactor was heated either to a relatively low
temperature (200 °C) or to a temperature of 400-500 °C. Figure 12 compares the compositions of the
dry off-gas produced with one-time loading of a weighed feedstock batch (squares) and with the
gradual feed of feedstock (diamonds) into the flow reactor, with the feedstock (PM) possessing
different moisture (from 70% to 15%). The filled diamonds and squares in Figure 12 correspond to a
reactor wall temperature of 400-500 °C, and the unfilled symbols correspond to a reactor wall
temperature of 200 °C. It is evident that with the gradual feedstock feeding method, the composition
of the produced off-gas is somewhat worse than with the one-time batch loading method. Work to
improve the piston feeder is ongoing. As for the effect of the initial reactor temperature on the
composition of the produced off-gas, an increase in this temperature leads, as expected, to an increase
in the yields of CO and Hz and a decrease in the yield of COy, i.e., the off-gas quality is improved.
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Figure 12. Measured dependencies of CO, Hz, CHs, and CxHy volume fractions on the volume fraction of CO2 in
the off-gas produced by PM gasification at one-time loading of a weighed feedstock batch (squares) and with
gradual feedstock feeding (diamonds) into the flow reactor; the feedstock possesses different moisture contents
(from 70% to 15%, see Table 12).

3.5. Effect of Feedstock Moisture on the Yield of Solid Residue

According to Table 12, the mass of solid residue extracted from the "dry" and "wet" cyclones is
10%-17% of the mass of dry PM at an original moisture of a =70%. When the PM moisture is
decreased to a =15%, the mass of solid residue increases to 20%-30%. This means that the dried PM
is more easily carried away from the flow reactor than the original wet PM, which is also consistent
with common sense.

In order for the PM to undergo complete gasification in the flow reactor, special measures must
be taken to prevent premature carryover of the feedstock: the residence time of feedstock particles in
the flow reactor must be somehow increased. This can be achieved by using intermediate volumes
between the PDG and the flow reactor or by using cascades of flow reactors.

3.6. Mass Balances

In experiments ##3, 4, 5, 9, and 13 it was possible to determine quite accurately the mass ratios
between the evaporated water, gasified dry feedstock, and supplied GA. Table 13 shows the total
mass of feedstock batch M,; the feedstock moisture «; the mass of water in the feedstock batch M,,;
the mass of dry matter in the feedstock batch M,; as well as the mass flow rates of oxygen and NG
qox and qp,; and the calculated ratios of the mass of water to the mass of consumed NG M,,/Mg,; the
mass of dry matter in the feedstock to the mass of consumed NG M;/Mp,; and the mass of the
consumed combustible mixture (Mg, = Moy + My,) to the mass of the feedstock batch M;,,/M,. The
final ratio Mg,y/M, shows that 1.52 and 1.35 kg of GA are required for 1 kg of the wet PM with a =
70% and 45%, respectively. Extrapolation of these results to dry PM with a = 0% gives the
experimental PM/GA mass ratio Q¢ ~ 1, i.e, 1 kg of GA is required for the gasification of 1 kg of
dry PM. If one avoids premature carryover of the feedstock, then the gasification process results in
the production of 1.91 kg of combustible gas (taking into account the ash content of approximately
9% in the dry PM). Thus, the experimental value of the PM/GA mass ratio turned out to be
approximately 3.4 times less than the theoretical value: 2./2,,  ~ 3.4.

Table 13. Mass balances of PM drying and gasification processes.

EXp.# Mo a Mw Md ox q/‘u MW/Mfu Md/Mfu Mfox/MO
g % 8 g gfs gfs
3 1000 70 700 300 1.5 0.33 7.07 1.75 1.49
4 1000 70 700 300 1.5 0.33 8.84 1.52 1.54
5 1000 70 700 300 2.25 0.53 8.25 1.49 1.49
9 1000 70 700 300 1.52 0.3 6.14 2.22 1.52
13 1000 45 450 550 1.29 0.273 6.34 3.36 1.35

3.7. Clarified Chemical Composition of the Off-Gas

In experiments ##9, 10, 11, and 12 (see Table 12), in parallel with recording the composition of
the produced off-gas with the MRU VARIO Plus flow-through gas analyzer, we collected gas samples
for chromatographic analysis on a Chromatec-Crystal 2000 gas chromatograph. Table 14 compares
the volume fractions of gas components measured with the flow gas analyzer and on chromatographs
(marked with an asterisk *). Chromatographic samples in experiments #9 and #10 were collected after
the gases passed through the bubbler, and in experiments #11 and #12 — before entering the bubbler.
It turned out that bubbling does not affect much the off-gas composition.


https://doi.org/10.20944/preprints202504.0060.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 April 2025

4 of 27

Table 14. Comparison of compositions of the dry off-gas produced by PM gasification, measured with the flow-

through gas analyzer and the gas chromatograph (marked with an asterisk *) in several experiments.

Exp.# CO2 cO H: CHa CxHy N2 C2Ha C2Hs CsHs
vol.% vol.% vol.% vol.% vol.% vol%  vol%  vol%  vol%
9 41.3 34.7 18.7 25 2.2 - - - -
9% 40.5 31.6 23.3 1.4 - 1.7 0.52 0.86 0.03
10 32.4 41.4 20 3.6 2.5 - - - -
10* 28.3 39.5 26.1 1.9 - 2.0 0.84 1.34 0.05
11 38.7 37 18.7 35 1.9 - - - -
11* 37.8 33.2 24.1 1.8 - 0.97 0.76 1.08 0.07
12 34.7 39.3 19.4 4 25 - - - -
12* 34.5 35.6 24.4 2.1 - 0.79 1.03 1.47 0.1

The comparison of instrument readings indicates that the volume fractions of CO and H»
obtained on gas chromatograph differ from the readings of the flow-through gas analyzer by an
average of —3% (abs.) for CO and by +5% (abs.) for Hz. Unlike the flow-through gas analyzer, which
registers only methane and registers all other hydrocarbons CxHy as N3, the gas chromatograph
provides the full composition of hydrocarbons CxHy. The highest registered hydrocarbon is seen to
be propane. Its content does not exceed 0.1%. In addition to propane, the produced off-gas contains
small amounts of ethylene and ethane. The total fraction of all registered hydrocarbons, including
methane, does not exceed 5%. Thus, the dry off-gas contains no hydrocarbons higher than propane,
including condensable gases and tars.

3.8. Elemental Composition and Oxidative Stability of the Solid Residue

Table 15 shows the elemental composition of the samples of solid residue extracted from the
“dry” and “wet” cyclones (after drying) in experiments #9 and #10 with the PM of different moisture.
The consumption of GA in these experiments was 1.82 g/s and 1.4 g/s, respectively, and the mass and
moisture content of the feedstock were M, = 1000 g (@ = 70%) and 450 g (15%), respectively. The
elemental composition of the solid residue shows that the original wet PM undergoes deeper
conversion than the dried PM, since, firstly, the carbon content in the solid residue of the gasified
original wet PM is 30% versus 42% in the solid residue of the gasified dried PM; secondly, the ash
mass after gasification of the original wet PM is 60% versus 47%; and, thirdly, the ash content
calculated for dry matter in the case of the original wet PM is a factor of 3 lower than that of the dried
PM (see Table 12). In terms of the carbon conversion efficiency (CCE), which is the ratio of the carbon
in the off-gas to the carbon fed to the flow reactor with the PM and GA, CCE = 0.99 in experiment #9
and CCE =0.67 in experiment #10. In the former case, the high value of CCE may be caused by gradual
and layer-by-layer involvement of the original wet PM in the gasification process. In the latter case,
the low value of CCE may be caused by the entrainment of large volumes of the dried PM in the
shock-induced flow of the GA due to the elevated flowability and lighter particles of the dried PM,
which can lead to the enhanced premature outflow of the particles from the flow reactor.
Nevertheless, the lower heating value of the off-gas produced by gasification of dried PM appears to
be larger than that of the wet PM (see Table 12). To eliminate these multidirectional effects, it is
probably necessary to use a continuous feed of PM into the flow reactor rather than its batch loading.

Table 15. Elemental composition of the solid residue.

o
Bed tC"/ 1:10/ lt\I"/ Atsi; Zte 1/ et
mg WL /0 WL /0 WL. 70 WL. 70 WL. 70 (100%-261.,%)
9 5.494 29.60 1.63 1.64 59.63 92.50 7.50

10 3.788 42.13 1.98 2.12 46.78 93.01 6.99
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Figure 13a compares mean mass fractions of the various elements in the original dried PM with
those in solid residue extracted from the “dry” cyclone and solid residue extracted from the “wet”
cyclone (after drying the condensate) in experiments ##2, 5, and 6. The mass fractions are measured
using X-ray fluorescence on an ARL PERFORM’X spectrometer (Thermo Fisher Scientific Inc., USA).
The typical (insignificant) differences in the corresponding mass fractions in different experiments
are shown in Fig. 13b in terms of the phosphorus contents. The elemental compositions of the dry
solid residues in both cyclones are seen to be approximately the same. Keeping in mind that the mass
of the solid residue m; in these experiments is a factor of 6-7 less than the dry mass M, of the PM
batches undergoing gasification (see Table 12), one can see that the absolute contents of some
elements in the solid residue are about the same as in the original feedstock, whereas the absolute
contents of other elements in the solid residue are considerably lower than in the original feedstock.
Thus, on the one hand, the relative contents of Ca, P, Al, and Mn in the dry PM are about 0.7, 0.5,
0.06, and 0.01 wt.%, respectively, whereas their relative contents in the solid residue are about 4, 3,
0.4, and 0.07 wt.%, i.e., a factor of 67 larger. On the other hand, the relative contents of Si, Mg, Na,
and Cl in the dry PM are about 1.2, 0.4, 0.2, and 0.1 wt.%, respectively, whereas their relative contents
in the solid residue are about 3.5, 1.2, 0.4, and 0.2 wt.%, i.e., only a factor of 2-3 larger. The relative
content of S is about the same (0.3 wt.%) in both the original dry PM and in the solid residue. This
could mean that the elements like Si, Mg, S, Na, and Cl partly escape from the cleaning system with
the gas phase and/or leave the system with condensate. A considerable increase in the content of Fe
and decrease in the content of V in the solid residue compared to their contents in the original PM
are the issues for further research.
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Figure 13. (a) Mean mass fractions of elements in the dried feedstock (red, 1), in the solid residue extracted from
the “dry” cyclone (yellow, 2), and in the solid residue extracted from the “wet” cyclone (after drying, blue, 3),

and (b) mass fractions of phosphorus in the solid residue extracted from the “dry” cyclone in experiments ##2,
5, and 6.

The oxidative stability of the solid residue was measured by synchronous thermal analysis
(DSC+TGA) on an STA ZCT-1 device (JING YI GAO KE, China). Samples of the solid residue
weighing 4.8 (sample #1) and 5.2 mg (sample #2) were placed in a ceramic crucible and heated in air
from 50 to 950 °C at a heating rate of 10 °C/min. The thermokinetic curves shown in Fig. 14 reveal
one peak of mass drop with a value of 36.1% (Fig. 14a) and 52.9% (Fig. 14b). As can be seen from the
derivative showing the degree of conversion, several processes of destruction of blocks or adjacent
sections of macromolecules occur in the corresponding temperature ranges of 317-420 °C and 311-
419 °C, including processes affecting the heat capacity of the samples. The shift in the initial section
of such processes may be due to differences in the chemical composition of the studied samples.
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Figure 14. Oxidative stability of the solid residue measured by synchronous thermal analysis: (a) sample #1, (b)
sample #2.

3.9. Granulometric Analysis of the Solid Residue

Figure 15 compares the measured particle size distributions (PSDs) of solid residues extracted
from the “dry” and “wet” cyclones in experiments ##3, 6, 7, 9, and 10 (see Table 12). The PSDs are
measured by wet laser diffraction on an Analysette22 device (Fritsch, Germany) in the presence of a
surfactant during ultrasonic treatment (50 W). The solid particles possess sizes ranging from 0.5 to 12
pm, and the PSDs are seen to be virtually independent of the experimental conditions.
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Figure 15. Particle size distributions of solid residue (94 — experiment #3+#6, 96 — #3; 98 — #6; 99 — #7; 100 — #9; 101
— #10).

3.10. Composition of the Liquid Condensate

It was expected that with the basic method of feedstock loading into the flow reactor (one-time
batch loading through the upper hatch), when part of the time of the entire gasification process
(period T1 in Fig. 6) was allocated for moisture heating and evaporation, the processes of feedstock
heating and its low-temperature conversion (pyrolysis) into various intermediate products, including
toxic by-products of pyrolysis, occurred simultaneously. To verify this, a qualitative chromatograph-
mass-spectrometric analysis of the liquid pyrolysis/gasification products of the PM, extracted after
the experiment from the "wet" cyclone, was carried out. The condensate was analyzed using a set of


https://doi.org/10.20944/preprints202504.0060.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 April 2025 d0i:10.20944/preprints202504.0060.v1

7 of 27

devices including a Trace-1310 gas chromatograph and an ISQ mass-spectrometric detector.
Separation was carried out on a TR-5MS quartz capillary column 15 m long and 0.32 mm internal
diameter with a stationary phase of 5% phenyl — 95% methylpolysiloxane, film thickness 0.25 pum.
The column temperature was increased from 40 °C (3 min) to 120 °C at a rate of 5 °C/min, then to 300
°C at a rate of 15 °C/min, and then kept at a constant final temperature for 5 min. The injector
temperature was 220 °C. The injected sample volume was 1 uL (the mode with flow division at a
ratio of 1:40 was used). The mass spectra were recorded using electron impact ionization with an
energy of 70 eV and a scanning range of 35-600 amu. The scanning rate was 0.3 scan/s.

Extraction of the components was performed by adding 4 mL of diethyl ether to 4 mL of the
sample. The solvent and sample were well mixed by shaking for 10 min. After separation of the
organic solvent — sample layers, the extract formed on top was separated and filtered through a layer
of anhydrous sodium sulfate on a paper filter. The extraction was repeated twice using a fresh portion
of the solvent. The combined extracts were concentrated on a rotary evaporator in vacuum at room
temperature to a volume of 1-2 mL.

Derivatization was carried out by silylation using the silylating agent N,O-bis(trimethylsilyl)-
trifluoroacetamide (BSTFA). First, 200 uL of concentrated diethyl ether extract were dried to dryness
at 50 °C, then 20 pL of BSTFA were added to the dried sample and silylated at 50 °C for 15 min, and
then 200 pL of hexane were added and analyzed by GC-MS according to the method described above.

Figure 16 shows the total ion current chromatograms of (a) a diethyl ether extract and (b) a
hexane extract of trimethylsilyl derivatives of CH pyrolysis/gasification products.
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Figure 16. Total ion current chromatograms of (a) diethyl ether extract and (b) hexane extract of trimethylsilyl

derivatives in the condensate of PM gasification products.

The following pyrolysis/gasification products were identified in the sample (Fig. 16a):

- Main compounds (the most intense peaks on the chromatogram): phenol (emission time 7.49
min) and coniferyl alcohol (23.17 min);

- Major compounds: toluene (1.77 min), propionic acid (1.96 min), furaldehyde (2.99 min),
furfuryl alcohol (3.80 min), dimethylbenzene isomer (4.29 min), methyl phenol isomers (9.46 min and
10.14 min), dihydroxy benzene isomer (13.95 min), coumaran (14.23 min), syringol (17.58 min),
vanillin (18.77 min), acetovanillone (2046 min), syringyl aldehyde (22.48 min),
dihydroxymethylguaiacol (22.58 min);

- Minor compounds: ethylphenol isomers (12.71 min and 12.78 min), methylguaiacol (13.20 min),
hydroxybenzaldehyde isomer (18.29 min), acetosyringol (23.12 min).
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Compounds characteristic of lignin pyrolysis products were identified in the PM
pyrolysis/gasification products: methylguaiacol, syringol, acetovanillone, vanillin, and others. It can
be assumed that the PM pyrolysis/gasification products also contain other compounds typical of
lignin pyrolysis products: various acids and alcohols, which were not detected because the stationary
phase of the TR-5MS capillary column used in GC-MS analysis was weakly polar and was not suitable
for analyzing such highly polar compounds as alcohols and acids, especially linear and low-
molecular ones.

After derivatization, the following products were identified as trimethylsilyl ethers (Fig. 16b):

- Acids: C5 oxyacid with a molecular weight of 116 (2.15 min), propionic acid (2.34 min),
methylpropionic acid (3.04 min), butanoic acid (4.33 min), methylbutanoic acid isomers (4.76 min and
5.71 min), valeric acid (7.08 min), C6 acid with a molecular weight of 116 (7.83 min), caproic acid (9.92
min), benzoic acid (14.71 min), hydrocinnamic acid (19.17 min);

- Furan derivatives: furfuryl alcohol (7.62 min), coumaran (14.18 min). Phenols: phenol (9.16
min), methylphenol isomer (11.39 min, 11.75 min and 12.03 min), dihydroxybenzene monoester
isomer (13.44 min), guaiacol (14.22 min), ethylphenol isomer (14.49 min), dihydroxybenzene diester
isomer (16.70 min), hydroxybenzaldehyde (18.00 min), dimethoxyphenol (18.88 min),
hydroxyacetophenone (20.16 min), vanillin (21.11 min);

- Alcohols: benzyl alcohol (12.14 min).

Analysis and identification of silyl derivatives also showed that the pyrolysis/gasification
products of PM are similar to the pyrolysis products of lignin.

Thus, to avoid the formation of toxic pyrolysis/gasification products in the resulting condensate,
the feedstock must be fed into the preheated reactor continuously. For the given values of the GA
flow rate and average gas residence time in the reactor, the feedstock flow rate must ensure complete
conversion of all carbon contained therein.

4. Discussion

When comparing the measurement results with the results of thermodynamic calculations, it is
necessary to take several factors into account that can significantly affect the comparison. Firstly, the
feedstock moisture in the experiments was a =15%-70%, while the moisture was taken zero (a =0)
in the calculations. Secondly, no special measures were taken to reduce heat losses during setup
operation in the experiments, while the operation process was considered adiabatic in the
calculations. Thirdly, the measured detonation velocity in the PDG was lower than its
thermodynamic value (the real detonation velocity was 2100£100 m/s instead of 2380 m/s), which
affected the temperature and composition of the detonation products expanded to a pressure of 0.1
MPa. Fourthly, the elemental composition of the real dried PM differed from the elemental
composition of the model PM used in the calculations due to the presence of a bedding material rich
in cellulose in the real PM. Finally, mixing of the GA with a batch of condensed-phase feedstock in
the experiments takes a finite time, required for feedstock heating and thermal decomposition, and
is characterized by spatial nonuniformity, whereas their instantaneous and uniform mixing at the
molecular level (in the gas phase) is assumed in the calculations.

Let us estimate the effect of feedstock moisture and heat losses (the first two of the five listed
factors) on the thermal efficiency of the PM gasification process using experiments #9 and #13 in Table
12 as examples. On the one hand, in experiment #9, 1.84 M] are required to heat and evaporate the
water contained in 1 kg of feedstock with a moisture of 70%. On the other hand, in experiment #9,
when the PDG was operating at a frequency of 0.63 Hz, 114 g of NG were consumed during the first
stage of the gasification process (heating and evaporation of water) lasted T1 = 380 s, which
corresponds to 5.7 MJ, that is a factor of ~3 more than was required for the first stage. This is explained
by energy losses on heating the reactor walls and cooling jackets. In a similar experiment #13, 72 g of
NG were consumed for heating and evaporating the water contained in 1 kg of the feedstock with a
moisture of 45% (450 g or 1.185 MJ) during the first stage of the gasification process lasted T1 =260 s,
which corresponds to 3.57 MJ, which is also a factor of ~3 more than required for the first stage. Thus,
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in both experiments, the relative energy losses to the environment at the first stage of the gasification
process were about 67% regardless of the feedstock moisture (70% or 45%). It is reasonable to assume
that approximately the same heat losses are characteristic of dry PM gasification. Consequently, only
33% of the thermal energy of the GA was consumed for the gasification of dry PM (its phase and
chemical transformations) in the flow reactor, while the remaining 67% of the thermal energy of the
GA was spent on heating the reactor walls, the coolant of the PDG cooling systems, and the produced
off-gas. If one takes the real thermal efficiency of the gasification process (about 33%) into account,
then a theoretical estimate for the optimal dry PM/GA mass ratio of 2; = 3.4 gives for the real value
Nexp ~0,330; =~ 1. This is the value of (., that was obtained by extrapolating the experimental
values of Oy, at @ =70% (Rexp = 1.52) and a =45% (e, = 1.35) to a = 0 (see Section 3.6 “Mass
balances”).

Compared with the influence of the first two factors, the influence of the third of the named
factors — the reduced detonation velocity in the experiments — can apparently be considered relatively
weak, as a decrease in the detonation velocity by [2100 — 2380| x 100/2380 =12% will lead to a
decrease in the GA temperature by less than 20%, i.e., the temperature will decrease from the ideal
value of 2853 K (2580 °C) to ~2280 K (~2000 °C) and still will be very high.

Let us consider the influence of the fourth of the mentioned factors, that is the difference in the
compositions of the real dry PM and the model PM used in the thermodynamic calculations. Despite
the differences in the elemental compositions of the real and model feedstock, the lower heating value
of the real wet PM (5.8 MJ/kg) turned out to be close in value to the model feedstock of the same
moisture (5.76 MJ/kg). Considering that the yields of the main components of the produced dry off-
gas depend weakly on the feedstock type (see Section 3.3), it can be assumed that the differences in
the compositions of the real and model feedstock have little effect on the obtained results.

Finally, let us consider the possible influence of the fifth of the above factors, that is the finite
time and spatial nonuniformity of mixing of the GA with the PM. Table 16 compares the calculated
(equilibrium) and measured compositions of the dry off-gas at a gasification temperature of 1000 K
and a gasification pressure of 0.1 MPa. For the sake of comparison, the last line shows the mole
fractions of COz, CO, and H: in the expanded detonation products (GA) leaving the flow reactor in
the absence of feedstock supply (steam is assumed to be condensed).

Table 16. Comparison of calculated (equilibrium) and measured compositions of the dry off-gas at a gasification

temperature of 1000 K and a gasification pressure of 0.1 MPa.

Description COy, CO, Ho, CHas, CxHy, N2,
vol.% vol.% vol.% vol.% vol.% vol.%

Calculation (a = 0) 10 45 41 - - 4
Exp. #8 (@ = 15%) 32.7 421 21.1 3.6 0.5 -
Exp. #10 (a = 15%) 324 414 20 3.6 2.5 -
Exp. #15 (a = 15%) 42 33.3 17.9 43 2.6 -
Exp. #16 (a = 15%) 39.5 34.6 17.1 6.0 29 -
Exp. #19 (a = 15%) 25.7 44 24.2 4.5 2.5 -
GA ~100 0 0 0 0 0

Comparison of the measured concentrations of COz, CO, and H: in the produced dry off-gas
with their values in the GA clearly indicates that reactions of CO and H: formation do occur in the
flow reactor, since the volume fractions of these components in the GA were close to zero. The
calculation generally correctly predicts the CO content in the produced dry off-gas. However, the
CO: content in the experiment is a factor of 2-3 higher, and the H2 content is a factor of 2-3 lower
than predicted by the calculation. The components CO and Hz are formed in reactions:

C+H0=CO +Ho M

C+C02=CO+CO (In)
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CO + H:0=COz + He (IID)

where C is the carbon contained in the PM. On the one hand, the endothermic effect of reaction (II)
is greater than that of reaction (I), and the H20 content in the GA is a factor of 2 greater than that of
CO:x2 (see Table 8). Therefore, the rate of reaction (II) may be significantly lower than that of reaction
(I), especially at relatively low GA temperatures caused by the first two factors mentioned above,
namely, heat losses on moisture evaporation and into the environment. In other words, the CO2
entering the reactor as part of the GA (about 33 vol.%) may not react with the feedstock and exit the
reactor together with the produced off-gas. This factor may explain the increased CO: content in the
produced off-gas at the final equilibrium temperature of 1000 K. The reduced hydrogen yield in the
experiment may be associated with a significant nonuniformity in the heterogeneous reaction (I) in
the reactor. Therefore, in order for the composition of the produced off-gas to approach the calculated
thermodynamic composition, it is necessary to improve mixing of feedstock and GA and increase the
average temperature in the reactor.

Thus, the analysis shows that the experimental results are in reasonable agreement with the
results of thermodynamic calculations, if one takes into account the heat losses for heating the reactor
walls, the coolant of the PDG cooling system, and the produced off-gas. The experimental PM/GA
mass ratio of g, ~ 1 can be considered reliable, i.e. 1 kg of GA is required for the gasification of 1
kg of dry PM, and as a result of gasification, 1.91 kg of combustible off-gas is obtained (taking into
account the ash content of dry PM approximately equal to 9%).

5. Conclusions

Experimental studies on the gasification of the original (moisture a =70%) and dried pig
manure with moisture @ =45% and 15% are conducted in the laboratory setup that implements the
new method of allothermal high-temperature gasification of organic wastes. The following key
results are obtained:

(1) A typical composition of the dry off-gas produced by gasification of the original wet (& =70%)
PM is: 33-41 vol.% COz, 34-40 vol.% CO, 17-22 vol.% Hb>, 2.5-4.0 vol.% CHs, and 0-2.5 vol.%
CxHy. There are no hydrocarbons higher than propane, including condensable gases and tars, in
the dry off-gas. The reduction of feedstock moisture allows increasing the yields of CO, Hz, and
CHa to 45%, 25% and 5%, respectively, and decreasing the yield of CO:z to 25%, i.e., the produced
dry off-gas can contain up to 75% combustible gas. The CCE of the original wet PM is 99%,
whereas the CCE of the dried PM is 67% due to the enhanced premature outflow of feedstock
particles from the flow reactor. The particles of solid residue extracted from the cyclones have
sizes ranging from 0.5 to 12 um, and the particle size distributions are virtually independent of
the experimental conditions. The absolute contents of some elements (Ca, P, Al, and Mn) in the
solid residue are about the same as in the original PM, whereas the absolute contents of other
elements (Si, Mg, S, Na, and Cl) in the solid residue are considerably lower than in the original
PM, indicating that the latter elements partly escape from the cleaning system with the gas phase
and/or leave the system with condensate.

(2) The experimental results are in reasonable agreement with the results of thermodynamic
calculations, if one takes into account the heat losses for heating the reactor walls, the coolant of
the PDG cooling system, and the produced off-gas.

(3) In the existing version of the experimental setup, about 67% of the thermal energy of high-
temperature detonation products is spent on heating the reactor walls, the coolant of the PDG
cooling system, and the produced off-gas, and only 33% is spent on the PM gasification process.
To increase the energy efficiency of the gasification process, it is necessary to thermally insulate
the setup and provide heat recovery. To increase the yield of the combustible off-gas, it is
necessary to provide a controlled continuous supply of PM by a feeder and improve mixing of
PM and GA. To increase the carbon conversion efficiency, it is necessary to take special measures
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for preventing the premature entrainment of PM by increasing the residence time of feedstock
particles in the flow reactor.

(4) The optimal measured value of the dry PM/GA mass ratio for the existing version of the
experimental setup is £y, ~ 1: for the gasification of 1 kg of dry PM, 1 kg of stoichiometric NG-
oxygen mixture is required, and as a result of gasification, 1.91 kg of combustible off-gas diluted
with 25-30 vol.% carbon dioxide is produced.

(5) The composition of the dry off-gas produced by gasification of PM, coffee grounds, and sawdust
with close values of moisture is approximately the same. Consequently, it can be expected that
the gasification method under study allows processing various types of feedstocks without
stopping the line and switching to other settings.

(6) To avoid the formation of toxic pyrolysis/gasification products in the produced condensate, the
PM must be fed continuously into the preheated reactor. For the given values of the GA flow rate
and average residence time in the flow reactor, the rate of PM supply must ensure complete
conversion of carbon contained in the feedstock. This will be the objective of future research.
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Abbreviations

The following abbreviations are used in this manuscript:

CCE Carbon conversion efficiency

qJ Chapman - Jouguet

GA Gasifying agent

IP Ionization probe

IR Infra-red

MID mixing and ignition device

NG Natural gas

PDG Pulsed detonation gun

PM Pig manure

PSD particle size distribution
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