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Abstract

Conventional thermal disposal of chlorinated hydrocarbon (CHC) waste poses high risks
of dioxin, furan, chlorine, and phosgene formation, while plasma destruction remains
energy-intensive. This work determines the optimal thermodynamic conditions for the
allothermal, non-catalytic steam—carbon dioxide gasification of various CHCs utilizing
high-temperature detonation gases (2450-2850 K) expanded to atmospheric pressure to
achieve non-toxic, valuable syngas and commercial-grade hydrochloric acid. Thermo-
dynamic modeling ensures complete soot- and hydrocarbon-free conversion with 100%
carbon conversion efficiency, dry syngas yield up to 5.7 Nm?/kg, and cold gas efficiency
reaching 138%. For highly chlorinated (above 70 wt.% chlorine) or unsaturated feedstocks,
a co-feeding method using external hydrocarbons (C4HgO; as an example) was validated
to suppress the formation of major ecotoxicants like Cly, COCly, and C,Cl,. As for other
chlorine-containing ecotoxicants, including highly toxic dioxins, their concentrations in the
equilibrium gasification products remain negligibly small, even in the absence of dilution.
Importantly, a solvent mass fraction of no more than 0.33 in the initial blend is sufficient to
entirely achieve this toxic species suppression. For all considered CHCs (undiluted or di-
luted with C4HgO,), chlorine is shown to bind exclusively to hydrogen chloride (HCl), with
all hazardous emissions remaining below the conditional 1 ppm safety limit. To achieve this,
a chlorine capture algorithm was substantiated based on the dissolution of generated HCl
within the residual steam condensate or externally delivered water upon cooling the gasifi-
cation products to 293 K. The proposed technology offers an efficient and environmentally
safe alternative to expensive plasma methods for toxic organic waste disposal.

Keywords: chlorinated hydrocarbons; steam—carbon dioxide gasification; detonation products;
thermodynamic modeling; Aspen Plus; syngas; environmental safety; hydrochloric acid

1. Introduction

Chlorinated hydrocarbons form the basis of a wide range of industrial wastes. They
are contained in polymers and by-products of their synthesis, solvents, finishing materials,
resins, dyes, and flame retardants, as well as enter the environment with wastewater, mu-
nicipal and industrial waters, and landfill leachates. The neutralization of such substrates
represents a critical environmental challenge for modern society. This is due to the high
risks of emission of extremely hazardous chemical substances—chlorine, phosgene, furans,
dioxins, and polychlorinated biphenyls—into the atmosphere, soil, and water bodies [1].
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In accordance with requirements for the production and disposal technologies of
organochlorine compounds, key tasks include [2] minimizing the volume of waste and
by-fraction generation, involving by-products in useful practical turnover, and ensuring
the complete environmental safety of technological cycles. Consequently, target recycling
algorithms must guarantee the exhaustive conversion of CHCs into non-toxic compo-
nents, such as hydrochloric acid, water, syngas, and carbon dioxide. At the same time,
the secondary formation of hazardous ecotoxicants—dioxins, chlorine, phosgene, furans,
polycyclic aromatic hydrocarbons, and soot—must be completely eliminated.

To date, an extensive range of methods has been proposed for the destruction of
organochlorine waste. These include disposal in specialized repositories [3], adsorption [?
], chlorolysis [5], liquid-phase oxidation [6], alkaline hydrogenation [7], dehydrochlorina-
tion [8], polycondensation [9], direct incineration [10,11], pyrolysis [12,13], plasma-chemical
destruction [14-16], autothermal gasification with oxygen blasting [17], as well as allother-
mal catalytic steam conversion [18-20].

The most recent research emphasizes thermochemical conversion and advanced cat-
alytic methods to address the challenges of processing chlorine-rich waste, focusing on in
situ contaminant mitigation, tar abatement, and the distribution of chlorine species during
the degradation of complex feedstocks [21-23]. Key advancements include sorbent-based
hot gas cleaning [24], the utilization of supercritical water in hydrothermal processes to
suppress dioxin formation [25], and plasma-driven electrified gasification to effectively
break stable C-Cl bonds [26].

Despite the obvious technological advantages of these approaches [27,28], most of
them do not ensure absolute safety and completeness of the conversion of CHCs into
harmless substances. The only exception is high-temperature plasma destruction [29];
however, its widespread implementation is limited by high energy intensity and significant
capital costs.

A particular hazard when using thermal disposal methods is the secondary synthesis
of dioxins. It is known [30] that these most dangerous by-products are actively formed at
relatively low temperatures (520-670 K) in the presence of oxygen, active chlorine, catalysts,
and carbon matrices (including soot). The thermal decomposition of dioxins is initiated
only at temperatures above 900 K. In this regard, effective technologies for the thermal
disposal of CHCs must be implemented in a temperature regime significantly exceeding
900 K, with the strict exclusion of the simultaneous presence of oxygen, active forms of
chlorine, and particulate carbon in the disposal reactors.

As an affordable alternative to costly plasma technologies, the method of allothermal,
high-temperature, non-catalytic steam—carbon dioxide gasification of organic waste was
proposed in [31]. This technology exhibits superior energy efficiency over plasma gasifica-
tion by requiring minimal electrical power, which is strictly limited to control systems, igni-
tion, and cooling components [32]. Thermodynamic modeling of this atmospheric-pressure
process for liquid hydrocarbon waste demonstrated that conversion occurs within a stream
of an ultra-superheated (above 2000 K) gasifying agent (GA)—a mixture of steam and
carbon dioxide [33]. The high-temperature GA is sourced from the atmospheric-pressure
expansion products of pulsed or continuous detonation of an oxygen/air mixture with
methane or self-generated syngas. Thermodynamic analysis of n-hexadecane processing
(simulating waste motor oil) confirmed complete conversion into pure syngas composed
exclusively of hydrogen (56.5 vol.% dry) and carbon monoxide (43.5 vol.% dry), yielding a
lower heating value (LHV) of approximately 19.4 MJ/kg [33].

When applying this detonation-driven approach to CHCs, the core thermodynamic
principle of ecotoxicant control relies on shifting the chemical equilibrium at bulk temper-
atures above 2000 K. Under these conditions, the Gibbs free energy balances completely
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forbid the existence of complex aromatic structures, forcing the transformation of CHCs into
the simplest, thermodynamically stable products: CO, H,, CO,, H,O, and HCIL. The highly
uniform temperature profile within a compact flow-through gasifier reactor caused by su-
personic (over 1 km/s) injection of detonation products ensures that no “cold pockets” exist
where intermediate precursors could survive. Furthermore, since the high-temperature con-
version occurs entirely in the gas phase and lacks both free oxygen and solid ash matrices
or catalytic metal surfaces (typically found in conventional fluidized bed reactors or inciner-
ators), the heterogeneous de novo synthesis pathways of polychlorinated dibenzo-p-dioxins
and dibenzofurans (PCDD/Fs) are fundamentally blocked. Finally, the rapid gas-dynamic
expansion of the detonation products and their intense mixing with residual gases in the
gasifier reactor drives an ultrafast kinetic quenching, so that extreme cooling rates force
the reacting mixture to quickly bypass the critical dioxin reformation temperature window
without any recombination. Consequently, the technical pathway advantage of this tech-
nology relative to the literature lies in its ability to suppress hazardous ecotoxicants at the
fundamental thermodynamic and kinetic levels simultaneously.

This work is a direct continuation of the research initiated in [33]. Its key objective is
to determine the optimal modes of allothermal, high-temperature, non-catalytic steam—
carbon dioxide gasification of CHCs using thermodynamic modeling. Within the scope
of this task, the process parameters ensuring the complete conversion of CHCs into non-
toxic useful products are established, which allows for eliminating the risks of hazardous
ecotoxicant formation.

2. Materials and Methods
2.1. Chemical Compounds

The substances listed in Table 1 are selected as the objects of study in ascending
order of the chlorine mass fraction (w) in their composition. In addition, Table 1 provides
references to literature sources containing experimental data on the composition of gaseous
products from the catalytic steam conversion of the respective compounds. These profile
datasets were used to validate the calculation methodology.

Table 1. Chemical compounds considered in this work.

Chemical Chlorine Mass

No. Compound Formula Fraction w, % Note

1 n-hexadecane n-CygHzy 0 Validation [34-39] + calculation
2 chlorohexadecane C16H33Cl 13.6 Calculation

3 chlorohexane CeHy5C1 29.4 Calculation

4 dichlorobiphenyl C12HgCl, 31.8 Calculation

5 trichlorobiphenyl C1oHCl; 41.3 Calculation

6 tetrachorobiphenyl CoHgCly 48.6 Calculation

7 chloroform + ethyl acetate CHCl3 + 16.5 C4HgO» 6.8 Validation [20] + calculation
8 vinyl chloride C,H;3Cl 56.8 Calculation

9 methyl chloride CH3C1 70.0 Validation [18] + calculation
10 trichloroethane CoH;3ClI; 79.8 Validation [40,41] + calculation
11 trichloroethylene C,HClI3 81.0 Validation [19,40,41] + calculation
12 perchloroethylene CyCly 85.5 Validation [40,41] + calculation

2.2. Calculation Method

Thermodynamic modeling of the gasification process was performed using the Aspen
Plus software package (version V10, 2017) [42] in a zero-dimensional approximation. The
calculation algorithm is based on the Gibbs free energy minimization procedure. The
following assumptions were made when constructing the model:

e  The process under consideration is steady-state;
e  Gas components are described by the ideal gas equation of state;
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e  Mixing of the feedstock and the gasifying agent occurs instantaneously and homoge-
neously;

Chemical reactions occur instantaneously, reaching thermodynamic equilibrium;
Hydraulic pressure drops in the system are neglected;

The mineral fraction (ash) is absent in the feedstock composition;

Cooling of the generated syngas to standard conditions occurs instantaneously, ensur-
ing the “freezing” of its chemical composition.

Figure 1 presents the calculation flowsheets of the gasification process for the studied
chemical compounds developed in the Aspen Plus environment.
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Figure 1. Schematic diagrams of gasification processes implemented in the Aspen Plus software
package: (a) steam gasification of feedstock (used for model validation); (b) steam—carbon dioxide
gasification in a stream of detonation products of a ternary methane—oxygen-water vapor mixture
expanded to atmospheric pressure.
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The calculation flowsheet in Figure 1a is designed to validate the mathematical model
against literature data on the steam conversion of feedstock at a pressure of 0.1 MPa. It
includes inlet streams of the processed feedstock, steam, and a diluent gas (nitrogen),
the ratios between which are set in strict accordance with the conditions of the cited
experimental works. In a continuous isothermal gasifier reactor, homogenization of the
inlet streams is performed, followed by the calculation of the corresponding equilibrium
chemical composition at a fixed temperature. At the outlet of the reaction volume, a stream
of wet gasification products is formed and directed to the separation block. This block
provides optional separation of accompanying components: water, hydrogen chloride,
nitrogen, and particulate carbon (soot). The resulting dry or purified stream of gaseous
products is used to validate the calculation methodology by comparing its composition
with experimental data.

The calculation flowsheet in Figure 1b is developed to model the regimes of high-
temperature steam—carbon dioxide gasification of CHCs, where the detonation products of a
triple methane—-oxygen-water vapor mixture expanded to atmospheric pressure act as the GA.
The flowsheet includes the following sequential blocks and physicochemical stages:

1.  Inlet streams of the combustible mixture components—O,, CH4, and HyO—with
mass consumption of mx, mg, and ms (kg), respectively.

2. A continuous reactor modeling the generation of the high-temperature GA (predomi-
nantly H,O and CO3). In this block, homogenization of the initial streams is performed
at atmospheric pressure, and the thermodynamically equilibrium composition of the
detonation products is calculated at a pressure of 0.1 MPa and a fixed temperature in
the range of 2450 to 2850 K. Since the Aspen Plus software package lacks built-in tools
for the direct calculation of the Chapman-Jouguet (CJ) parameters, the boundaries
of this temperature interval were set exogenously based on preliminary modeling in
specialized packages, namely SDToolbox [43] and Cantera [44]. The described algo-
rithm allows for the adequate simulation of GA generation in the form of detonation
products expanded to a pressure of 0.1 MPa.

3. A stream splitting block (splitter), which receives the high-temperature GA from
the continuous reactor. The splitter doses exactly 1 kg of the GA for feeding into
the gasifier reactor, which significantly simplifies the subsequent interpretation and
comparison of the calculation results. The excess amount of the generated GA is
excluded from the further calculation cycle.

4. An inlet feedstock stream with a mass of m (kg), which determines the specific
consumption of the processed feedstock per 1 kg of the GA. The feedstock is supplied
to the system at a standard temperature of T = 298 K.

5. An adiabatic gasifier reactor, where 1 kg of the high-temperature GA and m kg of the
feedstock are first mixed at atmospheric pressure, followed by the calculation of the
equilibrium composition of the reaction products at 0.1 MPa and constant entropy. The
total mass of the substances formed at the outlet of the adiabatic volume is 1 + m (kg).

6. A separator unit that splits the wet gasification products into a gaseous phase (H,
CO, CO,, CHy, etc.) and condensable species. It features optional water and HCl
removal to ensure the correct evaluation of the dry gas composition. Additionally,
the potential for complete dissolution of the generated hydrogen chloride within the
residual steam condensate is analyzed for each considered CHC.

It is important to emphasize that the zero-dimensional Gibbs free energy minimization
approach assumes an idealized state of instantaneous mixing and full thermodynamic
equilibrium. Under practical operating conditions, several factors can induce deviations
from these predicted values, namely, mixing and residence time constraints as well as heat
losses. The rapid expansion of detonation products inherently facilitates intense macro-

https://doi.org/10.3390 /waste4030023


https://doi.org/10.3390/waste4030023

Waste 2026, 4, 23

60f23

and micro-mixing. Given the ultra-high temperatures (up to 2450-2850 K), the chemical
reaction time scales are very short compared to the gas residence time within the reaction
zone, driving the system close to local thermodynamic equilibrium. The feedstock injection
must preferably be finely atomized by the detonation or a detonation-induced shock wave
to overcome localized mixing limitations that could restrict complete conversion. As
for heat losses, practical reactors usually suffer from thermal losses through the walls,
which lower the actual syngas temperature. Under these conditions, a lower operating
temperature would slightly shift the equilibrium composition, potentially increasing the
residual concentrations of minor byproducts or requiring higher GA consumption to
compensate. However, 3D CFD calculations discussed in [45] indicate that under conditions
of a high-speed (about 1 km/s on average) flow of detonation products entering a gasifier
reactor, the wall temperature has a minor effect on the mean mass temperature in the reactor.
In view of this, the present 0D model can be used to establish a clear upper thermodynamic
boundary and identify the fundamental operating zones for efficient chlorine capture.

3. Results and Discussion
3.1. Model Validation: n-hexadecane

As the first test object for validating the developed model, n-hexadecane (n-C14H34)
was chosen, which is commonly used as a physicochemical surrogate for waste motor
oil [46]. The calculations were carried out according to the flowsheet presented in Figure 1a.
The specific LHV of the initial #n-hexadecane is Q = 44.5 M]/kg.

In addition to the main components (H,, CO, CHy, O;, CO,, and H,0O), the list
of potential steam conversion products included hydrogen peroxide (H,0O,), as well as
light hydrocarbons, alcohols, and aldehydes of the C;1-Cs5 series (preliminary calculations
showed that higher hydrocarbons of the C4—Cj, series, like CcHg, CsHeO, C7HgO, ...,
Ci2Hyp, C12HgOy, etc., effectively decomposed at temperatures under consideration). Fur-
thermore, unlike the baseline model [33], solid carbon in the graphite modification (C)
was introduced into the phase composition of the products to simulate the formation of
particulate soot.

Table 2 provides a comparison of the calculated and experimental compositions of the
syngas generated during the catalytic steam conversion of n-hexadecane at atmospheric
pressure. The range of investigated temperatures (T) was from 923 to 1246 K, and the steam-
to-carbon (S/C) ratio varied from 2.7 to 4.0. The table also indicates the corresponding
literature sources that served as the basis for model validation. The comparison of calcu-
lated and measured concentrations was performed exclusively for long-term experiments
in which the Hp, CO, CO,, and CH4 profiles remained stable throughout the entire reactor
operation time. From a thermodynamic perspective, validating the model against data at
550-973 °C (823-1246 K) provides a robust foundation. At ultra-high temperatures (up to
2450-2850 K), chemical reaction rates increase exponentially, meaning that thermodynamic
equilibrium is achieved almost instantaneously without the need for catalytic accelera-
tion. Therefore, a thermodynamic model that aligns well with experimental data at lower
temperatures (where kinetic limitations are more pronounced) can be reliably extended to
ultra-high-temperature conditions.

The high convergence of theoretical and experimental data indicates that, under the
conditions considered, the steam conversion process reaches a thermodynamically equilib-
rium degree of conversion, and the developed model adequately describes the composition
of the gasification products. It should be noted that when using certain catalytic systems,
the complete conversion of the feedstock was not achieved in the experiments, which is
explained either by the short residence time of the reactants in the reaction zone or by cata-
lyst deactivation. The presence or absence of soot formation in the catalytic bed, recorded
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by the authors of the cited works, is reflected in the “Soot” column (a dash indicates the
absence of relevant information in the primary source).

Table 2. Comparison of calculated and experimental equilibrium compositions of syngas obtained
from catalytic steam reforming of n-hexadecane at atmospheric pressure.

Cooling

No.  SIC T Hz, %  CO,% COz% CHi% Ny % H;0,%  Soot  Sooling g
) R 7142 1943 1143 242 ; - ; ;
Calc 70.96 17.60 1135 0.09 ] - No No
R Ex 71+3 2045 1144 242 : - ; ; ,
2 27 800°C Gile 7086 182 1089 005 - - No No (341
. Ex 7042 2044 1143  1+1 - - - -
3 800°C Cale 70.86 18.2 10.89 0.05 - - No No
A ssoec  Bxp S5E1 51 1941 61 18=+1 - - -
Cale 5218 481 1621 7.90 18.90 - No No .
5 3.0 cocc  Bxp E2 81 161 11 18=1 N ; ; 351
Calc 59.65 1036 12.86 1.18 15.95 - No No
Exp 72041  11+1 1742 442 ; - ; :
6 40 970 K Cale 7252 10.86 16.42 0.20 ] - No No [36]
; 3K Ex 21+2  3+1  4+1 1+1 41 2942 Yes -
Cale 2574 332 6.25 0.25 41 2344 No No
40 [38,39]
R 973K Bp 2=l 5xl 5l 1+1 41 2+ 1 Yes -
Cale 25.73 3.89 5.80 0.06 41 2352 No No
wooc  Exp 70+1 1545 16+4 0 - - - Yes
0 Cale 7071 18.99 1030 0.00 - - No No .
3.0 sooc  Exp 7041 14+4 14+3 342 - - - Yes (371
Calc 70.49 19.87 9.64 0.00 - - No No

3.2. Model Validation: Chlorinated Hydrocarbons

As the next objects for validating the calculation methodology, the CHCs listed
in Table 1 were selected. Thermodynamic modeling was carried out according to the
flowsheet presented in Figure la. In addition to the components of the baseline model
for n-hexadecane, many chlorine-containing substances available in the Aspen database
were included in the list of potential steam conversion products such as: Cl,, HCI, C1O;,
Cl,0, CCly, CHCl3, CH;Clp, COCly, CoClp, CoH3Cl3, CrClg, C,H3CIO, C;H5CIO, C3H3(Cl,
C3HyClp, C3H5CIO, C4H;Cl, C4HoCl, CsHoCl, C4Clg, CeHyCly, CeH5Cl, CaH4Cl0,
C7H6C12, C7H5C13, C7H5C103, C7H13C102,C8H7C1, C8H3C103, C10H7C1, etc., as well as
such highly toxic polychlorinated dibenzo-1,4-dioxins (using tetrachlorodibenzodioxin,
C1pH4Cl4Oy, as an example).

Table 3 provides a comparison of the calculated and experimental compositions of the
syngas generated during the catalytic steam conversion of various CHCs at atmospheric
pressure. The range of investigated temperatures (T) was from 973 to 1023 K (700-750 °C),
and the steam-to-carbon (S/C) ratio varied widely from 2.0 to 20.0. Model validation for
CHCs at 700-750 °C or 973-1023 K ensures accuracy at ultra-high temperatures (up to 2450
2850 K). At such conditions, reaction rates increase exponentially, reaching equilibrium
instantly without catalysts. This justifies extending the lower-temperature thermodynamic
model to ultra-high-temperature zones.

3.3. Conditions for Achieving Complete Conversion into Non-Toxic Useful Products: n-hexadecane

To determine the conditions for achieving complete conversion of feedstocks into non-
toxic industrially useful components using allothermal, high-temperature, non-catalytic
steam—carbon dioxide gasification, the conversion of n-hexadecane was examined in the
first stage. Modeling of this process was carried out according to the calculation scheme
presented in Figure 1b. The methodology for processing and interpreting the obtained
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results, described in detail below using n-hexadecane as an example, is an end-to-end
approach and is applied to all CHCs investigated in this work.

Table 3. Comparison of calculated and experimental equilibrium compositions of syngas obtained
during the catalytic steam conversion of CHCs at atmospheric pressure.

T H, CO €O, H,0 HCl CHy CHCl N, Cooling
No.  Feedstock  SIC o % % % % % % % % S0 ofProducts Ref
Exp 102 24 09 578 45 3.2 0.1 20.5 Yes -
1 CHsCL 89 750 cale 2256 175 485 4732 425 000 000 1927  No No (18l
CHCL; +16.5 Exp 6825 1636 1427 - - 112 - - Yes -
2 CaHgO, 21 750 Cale 6568 1884 1535 - - 013 - - No No (201
Exp 368 12 241 - 38.0 - - - Yes -
3 GHCL 0 70§ RS ONe Ry o B : - No No [19]
Calc 59.09 2.34 38.57 - - - - - No No
Exp 395 72 162 - 35.0 - 2.1 - Yes -
¢ GHCL 182 700 ol 4329 213 2056 - 3402 - 0.00 - No No
Exp 331 46 217 - 40.6 - - - - -
5 GHCL 130 700 cole 3637 187 2359 - 3817 - - - No No 401
Exp 247 28 246 - 47.9 - - - - -
6 CLy 130 700 Cale 2400 127 2404 - 5059 - - - No No
Figure 2 shows characteristic calculated dependences of the process temperature and
the equilibrium composition of n-hexadecane gasification products on the specific feedstock
consumption m. The modeling was performed for the conditions of GA generation during
the detonation of a stoichiometric methane-oxygen mixture (fuel equivalence ratio @ = 1)
without the addition of water vapor (¢« = 0). The point m = 0 on the graphs characterizes
the temperature and the initial equilibrium composition of the GA at the inlet of the
adiabatic gasifier reactor. According to the calculations, at the inlet to the reaction zone,
the GA has a temperature of Tgp = 2852 K and contains 56 vol.% HyO, 19 vol.% CO,,
12 vol.% CO, 8 vol.% Oy, and 5 vol.% H; (the presence of radicals such as H, O, and OH
in the expanded detonation products was not taken into account during the graphical
visualization of the results in Figure 2).
0.6r 3200
28001
0.5 N\ P
\
2400} H,
z 04f
= o
< 520000 | O\ | OING e
- = RN N e
s03 g
E | 21600 co L Soot
z g
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Figure 2. Calculated temperature and equilibrium composition of n-hexadecane gasification prod-

ucts as a function of specific feedstock consumption m (gasification by detonation products of a
stoichiometric methane—oxygen mixture without steam addition: ® =1, a = 0).
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As follows from the graphical dependences in Figure 2, the introduction of feedstock
(m > 0) into the gasifier reactor initiates a complex of physicochemical transformations
that change the temperature and component composition of the medium. In the range
of specific consumption 0 < m < 0.03, a moderate increase in the temperature of the
gasification products up to a maximum extremum is observed, after which it monotonically
decreases at m > 0.03. The initial heating of the system is due to the total exothermic effect
of the reactions occurring predominantly through the oxidation of feedstock fragments by
residual free oxygen in the GA. The subsequent temperature drop is determined by the
dominance of endothermic reactions of steam (C + H,O = CO + Hj) and carbon dioxide
(C + CO, = CO + CO) conversion of carbon contained in the initial feedstock.

Thermodynamic analysis indicates the existence of a certain range of m values within
which free oxygen ([O;] = 0), particulate carbon ([C] = 0), and hydrocarbons ([CH4] = 0)
are simultaneously absent from the equilibrium product composition. For the conditions
reflected in Figure 2, this interval is localized within the boundaries 0.11 < m < 0.35.
This range is defined as the operating window of the gasification process, and its left and
right boundaries are defined as the lower limit (LL) and upper limit (UL) of the operating
window, respectively. For a more detailed analysis, an extended upper limit (EUL) is
also introduced into consideration, fixing the region where [O;] = 0 and [C] = 0, but the
presence of methane is allowed ([CH4] # 0). Notably, the process temperatures realized at
the UL and EUL of the operating window correspond well to the range of temperatures
(700-950 °C or 973-1223 K) considered in the validation examples of Section 3.1.

The efficiency of the gasification process is traditionally evaluated using a set of
integral indicators. These include the specific dry gas yield (DGY), carbon conversion
efficiency (CCE), cold gas efficiency (CGE), and net energy efficiency (NEE).

The specific dry gas yield (DGY, Nm?/kg) characterizes the volumetric yield of gaseous
products per unit mass of the processed feedstock:

DGY = %g (Nm®/kg) 1)
where g, is the volume of the obtained dry syngas, Nm?; m is the mass of the initial
feedstock, kg.

The carbon conversion efficiency (CCE, %) represents the ratio of the total mass of
carbon within the target components of the dry syngas to its total amount supplied to the
gasifier reactor with the feedstock and the GA:

CCE = (Y5, Yc)100% )

i=CO,CO,,CHy, ..
where Y(; is the mass fraction of carbon in the i-th component of Y is the total mass
fraction of carbon entering the gasifier reactor as part of the feedstock and the GA.

The cold gas efficiency (CGE, %) determines the fraction of the feedstock’s chemi-
cal energy transferred into the target gaseous energy carrier and describes the potential
thermodynamic efficiency of the process:

_ 939 1009
CGE = e 100% 3)
where Qg is the LHV of the obtained dry syngas, MJ/Nm?; Q is the LHV of the initial
feedstock, MJ /kg.

The net energy efficiency (NEE, %) characterizes the ratio of the total chemical and
thermal energy of the generated stream to the total energy inputs required to implement

https://doi.org/10.3390 /waste4030023


https://doi.org/10.3390/waste4030023

Waste 2026, 4, 23 10 of 23

the process, including the potential of the feedstock and external energy supplies for GA
generation [47]:

qgQg + mgAHg 4+ 1m,Qy
mQ + mgQf + MoxQox

where m, is the mass of the obtained dry syngas, kg; AH, is the enthalpy change in the

NEE =

100% (4)

syngas upon its cooling to normal temperature, MJ /kg; m, is the mass of steam within the
gasification products, kg; Q, is the specific latent heat of steam condensation (2.26 M]/kg);
Qs is the LHV of methane (50 MJ/kg); Qox is the specific energy consumption for oxygen
production (1.1 MJ/kg [48]).

Unlike the CGE criterion, the NEE indicator provides a more comprehensive coverage
of the system’s energy balance, since it takes into account both the thermal potential of
cooling the syngas and the direct energy consumption for the generation of the high-
temperature GA.

Calculations similar to the baseline case (see Figure 2) were performed for GAs gener-
ated during the detonation of fuel-lean (¢ = 0.75) and fuel-rich (¢ = 1.5) methane-oxygen
mixtures. The modeling was conducted both for the initial compositions without dilution
(« = 0) and with the introduction of an additional amount of water vapor into the com-
bustible mixture (¢ = 20 and 40 vol.%). Table 4 shows five calculation modes in terms of
the parameters of the initial combustible mixtures (¢ and «), as well as their corresponding
calculated equilibrium temperatures (Tga) and GA component compositions. To assess the
effect of detonation product dissociation, the calculations were performed in two variants:
excluding and including the presence of free radicals (H, O, and OH). A comparison of
the obtained data shows that the total content of radical components in the detonation
products expanded to atmospheric pressure can reach 10 vol.%.

Table 4. Parameters of the explosive mixture, equilibrium temperatures, and GA compositions at the
inlet of the gasifier reactor.

Explosive Cir?ritigt Toa GA Composition, Vol.%
No. Mixture CH, H,0 0, H, CO CO, H,0 0O, CH, H OH (@)
®  yolo ks kg kg K
11 0 020 000 080 2852 3 R 0 2 6 2
2 075 0 016 000 084 2808 g A S 0 1 7 2
3 15 0 027 000 073 2597 29 5 K A 0 > 1 0
41 20 017 014 068 2680 4 B« : 0 1 4 1
5 1 40 014 031 055 2440 5 3 o3 0 0 2 0

Table 5 systemizes the results of modeling n-hexadecane gasification processes, per-
formed both excluding and including the presence of radical components (H, O, and OH)
within the expanded detonation products of the same five methane—oxygen mixtures. For
each mode, the values of the specific feedstock consumption m at the LL, UL, and EUL of
the gasification operating window (referred to as the operational points (OP)), the final
adiabatic syngas temperature Ty, the equilibrium composition of the wet syngas, as well
as the equilibrium composition, volume, and mass of the dry syngas obtained after the
separation of condensed moisture are given. In addition, the table presents the calculated
LHVs Q, of the dry syngas and the integral process efficiency indicators: DGY, CCE, CGE,
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and NEE. When calculating the enthalpy term m AH, in Equation (4), the heat capacity
values of the syngas components were taken at T = 298 K.

Table 5. Thermodynamic and integral indicators of the n-hexadecane gasification process at the
boundaries of the operating window.

Composition of Gasification Products, Vol.% Dry

No op ™ T m, CO co, O CHL H OH O Syngas Q% DGY CCE CGE NEE
kg K Nm?> kg MJ/Nm® MJ/kg NmPkg % % %

L 011 2602 18 27 11 44 0 - - - 074 068 860 9.33 670 100 130 70
013 2667 20 29 9 39 0 2 1 0 08 072 914 1097 668 100 138 78

UL 035 1134 49 36 6 9 0 - - - 200 121 974 16.09 5.71 100 125 83

1 041 1183 52 39 3 6 0 0 0 0 228 131 1005 1742 555 100 126 87
puL 040 1019 50 36 6 6 2 - - - 216 130 1014 1683 540 100 123 83
045 1071 53 40 3 3 1 0 0 0 242 138 1029 1797 537 100 124 88

(L 021 2694 21 32 9 38 0 - - - 093 080 920 1073 445 100 92 76
021 2749 21 32 8 35 0 3 1 0 100 08 936 1139 474 100 100 81

, L 048 1159 51 40 4 5 0 - - - 233 138 1004 1694 48 100 110 86
053 1196 53 42 2 3 0 0 0 0 256 147 1023 1785 48 100 111 89

puL 052 1061 51 41 3 4 1 - - - 246 145 1032 1749 473 100 110 87
056 1115 53 43 2 1 1 0 0 0 266 152 1041 1826 476 100 112 90

[L+ 001 2516 23 25 & 44 0 - - - 073 059 899 11.05 - 100 - 74
001 2545 22 25 8 43 0 1 1 0 075 060 908 11.39 - 100 - 76

UL 023 1127 52 34 5 9 0 - - - 190 109 973 16.98 828 100 182 84

3 025 1141 52 35 5 8 0 0 0 0 200 113 984 17.45 799 100 177 86
puL 028 1015 52 34 6 6 2 - - - 206 118 1018 1773 735 100 168 85
030 1027 53 35 5 5 2 0 0 0 215 121 1027 1819 716 100 166 87

L. 008 2471 15 19 12 54 0 - - - 059 057 779 7.98 736 100 129 72
009 2524 16 21 11 50 0 1 1 0 066 060 824 9.05 729 100 135 77

yL 031 1092 49 30 8 13 0 - - - 183 111 934 15.45 5.91 100 124 84

4 034 1136 50 32 7 11 0 0 0 0 197 116 957 16.29 578 100 125 87
puL 037 981 50 30 9 9 2 - - - 202 122 990 16.35 545 100 121 85
040 1003 51 32 7 8 2 0 0 0 217 127 1002 1710 542 100 122 88

[ 004 2338 9 9 14 68 0 - - - 039 044 593 5.21 963 100 129 73
004 2375 8 10 14 67 0 0 1 0 040 044 608 5.48 995 100 136 75

UL 025 1081 46 22 11 21 0 - - - 155 095 881 14.44 6.21 100 123 86

5 027 1066 48 23 10 19 0 0 0 0 165 099 893 14.93 613 100 123 88
puL 034 97 48 2 12 14 4 - - - 183 112 976 15.88 538 100 118 88
035 945 49 23 11 13 4 0 0 0 18 114 978 1617 540 100 119 89

* This case virtually corresponds to the autothermal steam—carbon dioxide reforming of methane during the
detonation of a fuel-rich methane—oxygen mixture.

Analysis of the data in Table 5 shows that complete conversion of the feedstock carbon
(CCE = 100%) is ensured in all investigated modes. The specific dry gas yield reaches
a level of 4.5-8.3 Nm?/kg either at the upper (UL and EUL) or lower (LL) limits of the
operating window. The cold gas efficiency exceeds the 100% barrier across almost the
entire range of parameters, peaking at 182%, which indicates a significant contribution
of the detonation GA to the chemical potential of the products. The net energy efficiency
indicator varies predominantly within the range of 70-90%. The inclusion of radical species
(H, O, and OH) in the GA generally alters the dry-gas performance under identical baseline
conditions, exerting the maximum impact on dry-gas volume and mass (up to 15%), LHV
(up to 15%), as well as CGE and NEE (up to 8%), which stems from elevated final adiabatic
syngas temperatures (Tg) (caused by radical recombination) and enhanced dry-gas Hj and
CO content.

With an increase in the parameter m from the LL to the EUL, an increase in the LHV
of the produced syngas from 11.4 to 18.3 M]/kg is observed for the GA generated by the
detonation of fuel-lean (¢ = 0.75) methane—oxygen mixtures, while the total volume
fraction of combustible components in the dried and CO,-purified stream reaches 97%. It
should be emphasized that removing the rigid restriction on the presence of methane in the
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final gas composition (the transition from UL to EUL) provides a pronounced improvement
in all techno-economic and energy indicators of the considered technological scheme.

3.4. Conditions for Achieving Complete Conversion into Non-Toxic Useful Products:
Chlorinated Hydrocarbons

To determine the conditions for achieving complete conversion of CHCs into non-toxic
and industrially useful components using allothermal, high-temperature, non-catalytic
steam—carbon dioxide gasification, the conversion of chlorohexadecane (w ~ 14 wt.%) was
examined in the next stage. Modeling of the gasification process was carried out according
to the calculation scheme presented in Figure 1b. The methodology for processing the
obtained data corresponds to the algorithm described above for the baseline hydrocarbon
feedstock (n-hexadecane); however, the composition of potential gasification products was
expanded to include chlorine-containing substances.

Figure 3 shows the calculated dependences of the process temperature and the equi-
librium composition of chlorohexadecane gasification products on the specific feedstock
consumption m. The conditions for the generation of the high-temperature GA are identical
to the baseline case (see Figure 2): detonation of a stoichiometric methane—-oxygen mixture
(@ =1, a =0). Accordingly, at the point m = 0, the parameters of the material and heat
flows at the inlet of the adiabatic gasifier reactor completely match the data presented in

Figure 2.
,n-.\
H,
CO S001 "
[ 0000000000000000aHo00000000¢
',"' ------------------------------------------- CH4 -
03 t EU 0.6 09 12 15

Specific feedstock consumption

Figure 3. Calculated temperature and equilibrium composition of chlorohexadecane gasification
products as a function of the specific feedstock consumption m (gasification by detonation products
of a stoichiometric methane-oxygen mixture without steam addition (¢ =1, & =0).

The main difference between the thermodynamic profiles in Figure 3 is the appearance
of hydrogen chloride (HCI) in the gasification products at m > 0, the volume fraction of
which increases monotonically as the consumption of the processed feedstock increases.
It should be emphasized that within the investigated range of conditions, other chlorine-
containing compounds (including molecular chlorine Cl,, phosgene COCl,, and highly
toxic dioxins C1oHyCl4O; are virtually absent from the gas phase—their equilibrium vol-
ume fractions are significantly less than the conditional safety level of 107 (1 ppm).
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The behavior of temperature and concentrations of the main gas components (H,,
CO, CO,, Hy0O) is qualitatively equivalent to the dependences in Figure 2. Similarly, the
operating window of the gasification process stands out on the graphs, characterized by the
simultaneous fulfillment of the conditions [O;] = [C] = [CH4] = 0. For chlorohexadecane,
the operating window is localized within the boundaries 0.13 < m < 0.41, where the LL
and UL correspond to specific feedstock consumption values of m = 0.13 and m =0.41.
The extended operating window ([O;] = [C] = 0 at [CH4] # 0) is limited to the range
of 0.13 < m < 0.46, fixing the EUL at m = 0.46. Notably, the process temperatures
realized at the UL and EUL of the operating window approximately correspond to the
range of temperatures (700-750 °C or 973-1023 K) considered in the validation examples of
Section 3.2.

Similar calculations were performed for all CHCs listed in Table 1, utilizing the
detonation products of a stoichiometric, dry methane—oxygen mixture (¢ =1,a =0) as
the GA. The thermodynamic modeling evaluated two scenarios: with and without the
inclusion of radical species (H, O, and OH).

The preliminary thermodynamic analysis indicated a distinct threshold at a chlorine
content of approximately 70 wt.%. For feedstocks with a chlorine content below this value,
designated as moderately chlorinated hydrocarbons, all hazardous chlorinated by-products
(excluding HCI) remained strictly below the conditional 1 ppm safety threshold. Conversely,
for feedstocks with a chlorine content exceeding this 70 wt.% limit, classified as highly
chlorinated hydrocarbons, a sharp increase in toxic emissions was observed.

However, a more rigorous thermodynamic constraint was identified when dichloroacety-
lene C,Cl, was introduced into the equilibrium product basis. It was revealed that the
chlorine content (w) alone is a necessary but insufficient criterion for predicting gasification
safety. Specifically, for CHCs characterized by unsaturated (double) carbon—carbon bonds,
the formation of C,Cl, exceeding 1 ppm was observed even at chlorine concentrations well
below the 70 wt.% threshold.

This phenomenon can be attributed to the high thermodynamic stability of the Cl-
C=C-Cl molecule at elevated temperatures (above ~1200 K), driven by its strong triple
bond and resonance stabilization. Under hydrogen-deficient conditions typical for high-
chlorine matrices, the presence of pre-existing double bonds in the precursor molecules
significantly lowers the activation barrier for the synthesis of unsaturated chlorinated
species. Thus, the molecular structure of the initial waste exerts a strong “hereditary” effect
on the equilibrium product distribution.

This finding justifies the necessity of the co-feeding strategy proposed in this work. As
shown below, the introduction of an external hydrocarbon source (e.g., C4HgO;) success-
fully mitigates this structural effect. By shifting the C:H:O atomic balance, the co-feeding
method suppresses C,Cl, formation and ensures that chlorine binds exclusively into man-
ageable hydrogen chloride (HCI) across all types of CHC waste.

3.4.1. Moderately Chlorinated Hydrocarbons

The thermodynamic results for moderately chlorinated hydrocarbons are summarized
in Table 6. For each investigated compound, the table provides the chlorine mass fraction
(w), the specific feedstock consumption (1) at the identified operational points (LL, UL,
and EUL), and the final adiabatic gasification temperature (Tg). Additionally, it details
the equilibrium wet gas composition, the volume and mass of the chlorine-free dry gas
obtained after moisture and hydrogen chloride separation, the lower heating value LHV
(Qyg), and the integral efficiency indicators (DGY, CCE, CGE, and NEE). These efficiency
indicators are determined based on the chlorine-free dry gas composition, where the
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enthalpy term (mgAHg) in Equation (4) is evaluated using the specific heat capacities of the
dry gas components at T = 298 K.

Table 6. Thermodynamic and integral indicators of the gasification process of moderately chlorinated
hydrocarbons at the boundaries of the operating window.

Composition of Gasification Products, Vol %

wase © op ™ T mo HCOIH, CO CO, CH H OH o  DryGas Q DGY CCE CGE NEE

% kg K Nm® kg MJ/Nm® MJkg Nmikg % % %

L 013 2% 4 1 17 27 11 0 - - - 074 06 860 930 571 100 129 70

015 2674 39 1 19 29 9 0 2 1 0 08 073 910 1078 574 100 138 78

CoHuCl 14 UL 041 1132 8 2 48 3% 6 0 - - - 19 12 974 1588 485 100 125 82

16H33 048 118 5 2 5 40 3 0 0 0 0 22 132 1007 1725 471 100 125 87

pup 046 1026 6 2 48 37 6 1 - - - 213 130 1009 1658 464 100 124 83

053 1071 3 2 51 40 3 1 0 0 0 241 140 1035 1784 455 100 124 88

L 015 230 45 2 16 2 11 0 - - - 071 067 843 890 474 100 129 70

018 2676 39 3 18 28 9 0 1 0 08 072 904 1061 470 100 138 77

CHaCl 20 UL 031 121 8 5 4 3 6 0 - - - 200 123 974 1594 393 100 124 82

s 060 1159 5 5 49 38 3 0 0 0 0 229 133 1008 1731 38 100 125 87

puL 07 1024 6 5 47 3 5 1 - - - 214 130 1012 1662 375 100 123 83

065 1071 3 5 49 39 3 1 0 0 0 240 139 1032 1780 370 100 124 88

L 021 238 ¥ 4 15 2 12 0 - - - 079 079 864 8.71 378 100 126 70

024 2717 32 4 17 3 10 0 2 1 0 092 08 913 998 381 100 135 77

ColChL 32 UL 064 179 2 7 3 ;2 0 - - - 1% 140 1043 145 306 100 123 &

12HsCly 069 139 0 7 38 5 0 0 0 0 0 207 146 1066 1514 300 100 124 86

pup 065 1156 17 37 53 2 0 - - - 198 142 1052 1469 304 100 124 8

069 139 0 7 38 5 0 0 0 0 0 207 146 1066 1514 300 100 124 86

L 025 231 3 5 16 32 12 0 - - - 079 080 858 8.53 318 100 126 70

029 2707 30 6 16 3 10 0 2 1 0 092 08 913 984 317 100 134 77

ColbCh 41 UL 075 1% 10 3 5 2 0 - - - 191 141 1052 1424 254 100 123 8

12H7Cly 080 1437 0 10 3 5 0 0 0 0 0 200 146 1071 1472 250 100 124 86

puL 077 1160 1 10 34 5 1 0 - - - 194 143 1063 1441 251 100 123 8

080 1437 O0 10 3 5 0 0 0 0 0 200 146 1071 1472 250 100 124 86

L 02 238 3 7 14 2 13 0 - - 079 o081 853 832 272 100 125 70

034 2706 29 8 15 3 10 0 2 1 0 092 08 909 9.63 271 100 133 77

CoHCL 49 UL 088 1205 1 14 30 54 1 0 - - - 188 143 1063 1402 214 100 123 8

12HeCly 092 1469 0 14 31 5 0 0 0 0 0 19 147 1073 1433 213 100 124 86

pu 088 1205 1 14 30 54 1 0 - - - 188 143 1063 1402 214 100 123 8

092 1469 0 14 31 5 0 0 0 0 0 19 147 1073 1433 213 100 124 86

L 02 259 4 1 14 25 13 0 - - - 071 072 7% 786 355 100 128 69

024 2646 42 1 16 27 11 0 2 1 0 084 078 86l 933 350 100 136 77

Cﬁlgéa ul 072 1089 12 1 4 3 10 0 - - - 212 145 920 1347 295 100 122 82

P 085 112 10 1 45 3 8 0 0 0 0 243 160 955 1451 285 100 123 87
41182

pup 085 98 9 2 43 3 11 2 - - - 235 162 96 1398 277 100 120 84

098 99 7 2 45 3% 8 2 0 0 0 266 176 987 1491 271 100 120 88

L 03 266 36 9 16 29 10 0 - - - 08 07 88l 936 244 100 117 72

037 2729 3 9 18 30 8 0 3 1 0 093 08 923 1062 250 100 126 78

oHCl sy uL M6 187 0 17 3 4 0 0 - - - 230 148 1054 1641 198 100 114 85

2Hs 122 1495 0 16 40 4 0 0O O O 0 246 154 1048 1673 202 100 115 89

puL 16 1307 0 17 39 4 0 0 - - - 230 148 1054 164l 198 100 114 85

122 1495 0 16 40 4 0 0O O 0 0 246 154 1048 1673 202 100 115 89

L 035 259 41 13 13 2 11 0 - - - 068 06 823 8.40 193 100 125 69

041 2660 36 13 15 24 9 0 2 1 0 079 070 881 9.97 194 100 13¢ 77

CHCl 70 UL 135 1104 5 23 39 29 4 0 - - - 209 12 98 1629 155 100 120 83

3 158 1141 3 24 40 3 2 0 0 0 0 238 137 1016 1765 151 100 120 88

pup 181 1021 4 23 39 29 4 1 - - - 224 134 1018 1702 148 100 119 84

170 1073 2 24 40 3 2 1 0 0 0 249 143 1037 1814 147 100 120 89

It should be noted that during the gasification of certain CHCs—specifically those with
highly chlorinated matrices or unsaturated structures—it is advisable to implement the
co-feeding strategy used in [20]. The approach involves co-feeding organochlorine wastes
with aliphatic or oxygen-containing hydrocarbons. This method simultaneously reduces
the total mass fraction of chlorine in the reactive mixture and suppresses C,Cl, formation,
thereby ensuring that chlorine binds exclusively into manageable hydrogen chloride (HCI).
In Table 6, this strategy is demonstrated using a blended feedstock consisting of chloroform
and ethyl acetate (CHCl3 + 16.5 C4HgO,) mixed at a 1:16.5 molar ratio, yielding a solvent
mass fraction of B = mg1/ (Mso1 + Mmcpc) = 0.924.
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Analysis of the data in Table 6 indicates that complete conversion of the feedstock
carbon (CCE = 100%) is ensured across all investigated CHC gasification modes. The
volumetric yield of dry gas at the LL of the operating range is higher than at the UL and
EUL, reaching up to ~5.7 Nm?3/ kg for C14H33Cl. This value consistently decreases with an
increase in the chlorine content (w), dropping to ~1.9 Nm? /kg for CH3Cl.

The CGE of the process exceeds the 100% barrier across almost the entire parameter
range, reaching a maximum value of 138%. This occurs because the high-temperature
GA introduces substantial external thermal and chemical energy into the control volume.
Importantly, the energy balance for the detonation-driven gasification is governed by
the NEE, which incorporates the energy required to generate the GA, thus remaining
below 100% for the overall integrated system. Therefore, when comparing the proposed
technology with conventional allothermal or plasma-assisted methods, the NEE serves as
the primary metric. The achieved NEE values (~89%) demonstrate that detonation-driven
gasification is thermodynamically competitive with high-temperature plasma arc systems
(NEE =~ 84%, based solely on electricity-to-thermal conversion [49,50]), while offering
significantly lower capital costs due to the absence of expensive power supply complexes.
The inclusion of radical species (H, O, and OH) in the GA generally yields a trend consistent
with the previously outlined chlorohexadecane gasification data.

With an increase in the specific feedstock consumption m from the LL to the EUL, a
monotonic increase in the LHV of the generated gas up to 18 MJ/kg is observed. At the
same time, the maximum total volume fraction of combustible components in the dried
and CO,-purified product stream reaches 99%. It should be emphasized that removing
the restriction on the presence of methane in the final gas composition (the transition from
UL to EUL) provides a pronounced improvement in all integral performance and energy
indicators of the considered technological scheme for CHC utilization.

The potential for complete hydrogen chloride dissolution within the residual steam
condensate is also addressed. To evaluate this, Table 7 details the thermodynamic parame-
ters governing HCl absorption by the aqueous phase of the wet gasification products. As a
limiting condition, the formation of a saturated hydrochloric acid solution with a molar ra-
tio of v = HC1/H,O = 0.36 at a temperature of T = 293 K and a pressure of p = 0.1 MPa [51]
is adopted. The specific feedstock consumption corresponding to the formation of such
a saturated solution is designated as msg,i. As before, the GA consisted of the detonation
products of a stoichiometric, water-vapor-free methane—oxygen mixture (¢ =1, & = 0).
Two calculation scenarios were compared, considering the system both with and without
radical components (H, O, and OH).

Data in Table 7 demonstrate that the entire amount of hydrogen chloride generated
during the gasification of all considered moderately chlorinated compounds can be com-
pletely dissolved within the residual steam condensate. For a given feedstock, the threshold
value mgy; is either equal to or less than the corresponding m value at the EUL.

For CH3(l], it is found that mg,: < LL, meaning that feedstock gasification under these
conditions would require the presence of free oxygen in the GA, which is unacceptable [30].
Under these circumstances, two solutions are possible. The first approach involves the
external addition of steam to the wet gasification products upstream of the separator (see
Figure 1b) to ensure complete dissolution of the generated HCI in water. The second solu-
tion is the co-feeding of the organochlorine feedstock with aliphatic or oxygen-containing
hydrocarbons, which reduces the total mass fraction of chlorine in the reactive mixture.
The effectiveness of this latter approach is demonstrated using the CHCl; + 16.5 C4HgO,
blend as an example (see Table 7).

To provide a practical baseline for the process economics, the specific consumption of
the detonation mixture components can be readily quantified based on the data in Table 7.
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For instance, for every 1 kg of a moderately chlorinated hydrocarbon (C1,HgCly, w = 49%)
processed at the optimal operating point (i = 0.4), the system consumes 0.5 kg of CH, and
2.0 kg of O, to generate the required high-temperature GA. This yields 2.3 kg of syngas
(composed of 29 vol.% Hj, 58 vol.% CO, and 13 vol.% CO,) and 1.2 kg of a saturated
aqueous solution of hydrochloric acid.

Table 7. Characteristics of gasification products of moderately chlorinated hydrocarbons at the
specific feedstock consumption ig,¢ corresponding to the complete dissolution of HCI in the steam
condensate at T =293 K and p = 0.1 MPa.

Composition of Gasification Products, Vol %

Feed w  Mat  Tg go HCI H, CO CO, CHL H OH O ¢ DryGas Q DGY CCE CGE NEE
% kg K Nm® kg MJ/m® MJkg NmPkg % % %

CoHwCl 14 046 1026 6 2 48 37 6 1 - - - 033 213 130 1009 1658 464 100 124 8
16H33 047 1225 6 2 50 39 3 0 0 0 0 03 222 130 1006 1714 472 100 125 87
CHaCl 29 045 109 12 4 43 35 6 0 - - - 03 178 113 974 1540 39 100 125 8l
sHis 047 1573 12 4 43 37 4 0 0 0 0 036 18 113 998 1605 387 100 125 86
CoHCl 3 042 188 15 5 30 4 6 0 - - - 035 13 109 989 1238 325 100 124 78
12HsCl 043 2190 16 5 28 46 5 0 0 0 0 035 138 109 1007 1271 321 100 125 83
CoHCl 4 041 2105 21 7 23 41 8§ 0 - - - 035 115 09 962 1112 280 100 124 76
1H7Cly 041 2447 21 7 2 4 7 0 1 0 0 035 115 099 978 1139 280 100 126 80
CoHCL 4 040 223 25 9 19 3 9 0 - - - 03 09 09 927 995 248 100 124 74
12HsCly 040 26007 25 9 16 38 9 0 2 1 0 036 101 092 944 1032 253 100 129 78
CHCL+ , 085 o8 9 2 43 3 11 2 - - - 017 23 16 96 1398 277 10 120 8
CiHsO; 098 99 7 2 45 3 8 2 0 0 0 02 266 176 987 1491 271 100 120 88
CHCl sy 042 2465 29 10 21 32 8 0 - - - 035 09% 08 930 1072 229 100 1l6 74
2Hs 041 2681 29 10 18 32 8 0 2 1 0 035 098 08 943 1111 240 100 123 79
cmcl g0 042 243 3 13 17 24 9 0 - - - 03 076 070 866 950 182 100 124 71
3 041 2660 36 13 15 24 9 0 2 1 0 03 079 070 88 997 194 100 134 77

3.4.2. Highly Chlorinated Hydrocarbons

An important distinguishing feature of CHC conversion, particularly for highly chlori-
nated feedstocks, is the potential presence of hazardous species such as Cl,, COCl,, C,Cly,
and other chloring-containing species, including dioxin C1,H4Cl4O;, in the gasification
products. To systematically evaluate this phenomenon, Table 8 summarizes the equilibrium
mass yields (mpt/mcpc) and volume fractions (in ppm) of these ecotoxicants calculated at
the UL of the corresponding operating windows for all investigated CHCs. In this table,
each CHC is examined across a spectrum of dilution levels with ethyl acetate (C4HgO5),
where 8 denotes the mass fraction of the solvent in the blended feedstock (including the
undiluted case where = 0), mgr and mcpc denote the masses of the ecotoxicants and
CHC at the UL, respectively.

The primary objective of this data matrix is to identify the critical dilution thresholds
required to mitigate toxic emissions. The thermodynamic analysis demonstrates that
while the gasification of some undiluted feedstocks (B = 0) results in unacceptably high
concentrations of Cl, COCl,, and C,Cl; (notably, the mass yields and volume fractions of
other chlorine-containing species, including highly toxic dioxins, remain much less than
1 ppm even in the absence of dilution), the systematic increase of p triggers a sharp, highly
non-linear drop in both the mass yields and volumetric fractions of these pollutants. For
instance, during the gasification of pure CoHCl3, the equilibrium mass yield and volume
fractions of C,Cl, reach 0.24 and 7.1 x 10* ppm, respectively; however, introducing a
solvent mass fraction of 10 wt.% (B = 0.1) in the mixture reduces these values to 0.1 and
2.0 x 10* ppm. A further increase to 20 wt.% (8 = 0.2) causes a steep decline to 0.0026 and
370 ppm, and at (8 = 0.33), the C,Cl, mass yield and volume fraction fall to negligible
1.6 x 107® and 0.16 ppm, respectively. A closely matching non-linear trend is also observed
for the other targeted ecotoxicants. Ultimately, the data establish the specific minimum
dilution ratios at which the concentrations of all target hazardous species are successfully
suppressed below the conditional environmental safety limit of 1 ppm. Importantly, the
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data in Table 8 demonstrate that the required maximum mass fraction of the solvent does
not exceed 0.33 (B = 0.33) across all investigated cases, confirming the high economic and
technical viability of the proposed co-feeding strategy.

Table 8. The mass yields and volume fractions of Cl,, COCl,, and C,Cl; in the gasification products
calculated at the UL of the corresponding operating windows for CHCs undiluted and diluted
in C4H802.

CHC B w m mgt/mcyc at UL ppm at UL
% % kg C,Cl, COCl, Cl, C,Cl, COCl, Cl,
C16H33Cl 0 14 0.48 6.3 x 107° 0 1.1 x 10~ 1 33x 107 0 0
CgHi3Cl 0 29 0.60 2.8 x 1078 0 38 x 101 0.0018 0 32 x 107
0 32 0.69 28 x 1074 0 2.1 x107° 22 0 23 x107*
10 29 0.73 5.0 x 1075 0 45 x 10710 3.7 0 44 %1075
C1oHsCly
20 25 0.75 24 %1076 0 1.7 x 10710 0.16 0 15 x 107>
33 21 0.76 23 %1077 0 83 x 10711 0.012 0 6.0 x 107°
0 41 0.80 0.0018 42 x 10712 7.2 x107° 170 0 9.1 x10°*
10 37 0.84 2.1 x10°* 0 1.2 x 107°? 18 0 1.4 x 10~*
C1oH;Cly
20 33 0.86 6.1 x 107° 0 3.1x10°10 0.45 0 3.0x107°
33 28 0.85 38 x 1077 0 15 x 10710 0.023 0 12 x 107>
0 49 0.92 0.021 83 x 10712 1.7 x 1078 2300 0 0.0025
10 44 0.95 0.0012 3.5 x 10712 32 %1077 110 0 40 x 1074
C1oHyCly
20 39 0.97 1.6 x 107> 0 5.4 x 10710 1.3 0 59 x 107>
33 32 0.95 5.8 x 1077 0 1.7 x 1010 0.038 0 15 x 107>
0 89 6.92 0.28 0.0045 0.13 1.2 x 10° 1800 7.2 x 10*
CHCL 10 80 3.94 0.018 64 x 10711 7.4 x 1078 4100 14 x 107> 0.023
} 20 71 3.07 6.6 x 107° 55 x 10712 1.1 x 10~ 1.1 0 25 x 107
33 59 2.10 2.3 %1077 0 3.7 x 10710 0.025 0 54 x 107>
0 57 1.22 0.062 7.6 x 10712 2.3 %1078 7000 0 0.0035
10 51 1.20 0.0023 5.1 x 1012 9.5 x 107°? 230 0 0.0012
CyH;Cl
20 45 1.21 45x%x10°° 0 1.3 x 10~ 3.8 0 1.5 x 1074
33 38 1.15 8.7 x 1077 0 2.5 % 10710 0.058 0 23 x107°
CH;Cl 0 70 1.58 37 x 1077 0 4.0 x 10710 0.047 0 6.8 x 1072
0 80 2.51 0.0062 22 x 1011 25x%x 108 1200 43 x10°° 0.0069
10 72 2.24 8.7 x 107° 4.8 x 10712 1.6 x 10~ 1.6 0 2.8 x 107*
CyH;Cl5
20 64 1.89 6.5 x 1077 23 x 10712 5.0 x 10710 0.080 0 83 x 1077
33 53 1.54 1.3 x 1077 0 2.7 x 10710 0.012 0 3.2 x 107°
0 81 3.69 0.24 1.3 x 10710 2.6 x 1077 7.1 x 10* 3.7 x 107> 0.10
10 73 2.66 0.10 44 x 10711 9.2 x 108 2.0 x 10* 8.3 x 107° 0.024
CoHCl3 20 65 223 0.0026 15 x 1071 1.3 x 10°8 370 2.0 x 107 0.0026
33 54 1.84 1.6 x 107° 24 x 10712 5.6 x 10710 0.16 0 74 x 107>
50 40 1.39 1.1 x 1077 0 2.0 x 10710 0.0065 0 1.6 x 1072
0 86 5.77 043 0.0091 0.21 2.1 x 10° 4300 1.4 x 10°
10 77 3.81 0.17 1.4 x 10710 24 %1077 44 % 10* 34 x107° 0.081
CoCly 20 68 2.71 0.024 3.5 x 1011 4.8 x 10-8 4000 5.6 x 106 0.011
33 57 2.14 3.1 x 10~ 33 x 10~ 12 7.6 x 10-10 0.34 0 1.1x 1074
50 43 1.51 1.3 x 1077 0 24 x 10710 0.0083 0 21 x10°°
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The pronounced non-linear behavior is attributed to a shift in the thermodynamic
equilibrium driven by the changing elemental ratios (primarily H:Cl) in the reaction zone.
In undiluted highly chlorinated feedstocks, the deficit of hydrogen restricts the complete
binding of chlorine into HCl, thereby leaving a significant pool of chlorine radicals available
for the synthesis of C,Cly, COCly, and Cl,. The introduction of C4HgO, enriches the system
with hydrogen. Due to the power-law nature of the law of mass action and mass balance
equations, this hydrogen enrichment exponentially shifts the chemical equilibrium toward
the highly stable HCI. Once the solvent mass fraction approaches the threshold of p ~ 0.33,
the excess hydrogen completely scavenges the available chlorine, resulting in the observed
multi-order drop in ecotoxicant concentrations.

3.5. Comparison Between Thermal Plasma Gasification and the Proposed Detonation-
Driven Gasification

In thermal plasma arc gasification [49,50], the local torch temperature exceeds 10,000 K,
while the average bulk temperature in the reactor zone typically ranges between 1500 and
2000 K. Generating this thermal plasma requires enormous external electrical energy inputs
(typically 1-3 kWh per kg of waste processed), resulting in a NEE (up to ~84%, based
solely on electricity-to-thermal conversion). If the losses inherent in electricity generation
are additionally taken into account, the overall NEE becomes considerably lower. In
contrast, the proposed detonation-driven process achieves a highly uniform bulk reaction
temperature on the same level of 1500-2000 K and above (up to 2450-2850 K) directly from
the chemical energy of the detonating methane-oxygen mixture. Because it eliminates
the intermediate electricity generation phase and relies on direct chemical-to-thermal
conversion, the integrated system achieves a significantly higher NEE of up to ~89% for
combustible CHCs.

Thermal plasma destruction of chlorinated wastes provides a high toxicant destruc-
tion and removal efficiency (above 99.99%). However, because plasma gasification often
operates with local temperature gradients, localized quenching can sometimes lead to micro-
proportions of unreacted molecular chlorine (Cly) or trace phosgene (COCL,) if the cooling
rate is not strictly controlled. The detonation-driven 0D model developed in this work demon-
strates that at a uniform process temperature on the same level of 1500-2000 K and above,
chlorine can be bound exclusively into hydrogen chloride (HCI), while hazardous ecotoxicants
(such as phosgene and dioxins) remain below the conditional 1 ppm threshold. Furthermore,
the proposed process provides a distinct engineering advantage: the high moisture content
in the residual steam condensate allows for the direct, in situ synthesis of commercial-grade
hydrochloric acid upon cooling to 293 K, thereby solving the problem of secondary waste
stream purification that often complicates plasma gasification plants. Finally, Table 9 compares
the literature-reported thermal plasma gasification data with the proposed detonation-driven
gasification system in terms of reaction temperature, energy consumption/efficiency, product
purity, and toxicant control efficiency.

Table 9. Comparison between thermal plasma gasification and the proposed detonation-driven
gasification.

Parameter

Thermal Plasma Gasification This Work

Primary energy source

Chemical energy (detonation of ternary

External electricity (high-voltage arc) CH,-O)—H, O mixture)

Bulk reaction temperature

1500-2000 K (local torch above 10,000 K) 2450-2850 K (highly uniform)

Specific energy input/efficiency  (NEE up to 84% based on electricity-to-thermal

1-3 kWh/ kg feedstock (0.2 kg CHy + 0.8 kg Oy) per m kg CHC

conversion losses only [49,50]) (NEE up to 89%)
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Table 9. Cont.

Parameter Thermal Plasma Gasification This Work
Gas product purity Syngas (Hz + So(l)c)l,zvoa;};b;;zi)ot/tar iflocal High-purity dry syngas, 100% soot-free

Chlorine fate/toxicant control

Formed HCI and minor Cly; requires intensive

Bound exclusively as HCI; 100% trapped via
inherent condensate or external water to

multi-stage alkaline scrubbing produce commercial-grade hydrochloric acid

Capital cost/scaling profile

Low-to-medium (standard
combustion/detonation chambers, no
complex electrical infrastructure)

High (requires expensive plasma torches,
rectifiers, and specialized refractories)

4. Conclusions

In this work, using thermodynamic modeling in the Aspen Plus software package, the

fundamental feasibility and high efficiency of allothermal, high-temperature, non-catalytic

steam—carbon dioxide gasification for the environmentally safe utilization of CHCs have

been substantiated. Detonation products of ternary methane—oxygen—water vapor mixtures

expanded to atmospheric pressure were considered as the steam—carbon dioxide GA.

Based on the obtained calculation data, the following key conclusions have been

formulated:

Validation of the developed 0D model was performed using literature data on the
catalytic steam reforming of pure hydrocarbon feedstock (rn-hexadecane) and vari-
ous CHCs at atmospheric pressure. Good agreement between the theoretical and
experimental equilibrium gas compositions confirms the adequacy of the chosen
thermodynamic basis (Gibbs free energy minimization).

It was established that within the investigated range of conditions, utilizing the
high-temperature GA (Tga = 2450-2850 K) ensures that the chlorine heteroatom
binds predominantly into hydrogen chloride (HCl). For moderately chlorinated
CHCs (chlorine content below 70 wt.%) with saturated molecular structures, the
equilibrium volume fractions of major chlorine-containing ecotoxicants—molecular
chlorine (Cly), phosgene (COCl,), and dichloroacetylene (C,Cl;)—do not exceed
the conditional threshold value of 107 (1 ppm) in the reaction zone. As for other
chlorine-containing ecotoxicants, including highly toxic dioxins, their equilibrium
concentrations remain negligibly small (with their fractions dropping well below
1 ppm) across all investigated gasification modes, even for undiluted feedstocks. This
demonstrates that chlorine is bound exclusively into HCl under these conditions,
thereby ensuring an environmentally safe thermal waste disposal process.

For each investigated feedstock, the boundaries of the operating windows are deter-
mined in terms of the specific feedstock consumption m (per 1 kg of GA), within which
free oxygen, particulate carbon (soot), and hydrocarbons are simultaneously absent
from the conversion products. It is shown that allowing the presence of methane in the
final products (the transition to the extended upper limit, EUL) significantly improves
all integral characteristics of the process.

Complete conversion of the feedstock carbon (CCE = 100%) is ensured across all
operating modes of CHC gasification. The volumetric yield of dry syngas reaches up
to 5.7 Nm? /kg of feedstock at a lower heating value (LHV) of up to 18 MJ/kg, with the
total fraction of combustible components reaching up to 99 vol.%. The CGE exceeds
the 100% barrier (up to 138%), proving the effective transformation of the detonation
product energy into the chemical energy of the syngas.

It was demonstrated that the gasification of undiluted highly chlorinated or unsatu-
rated CHCs leads to unacceptably high equilibrium concentrations of Cly, COCl,, and
C,Cly, exceeding the conditional 1 ppm safety limit. To overcome this structural con-
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straint, a feedstock dilution strategy using an external hydrocarbon source (C4HgO5)
was proposed. Shifting the C:H:O atomic balance via systematic feedstock blending
effectively suppresses the formation of these hazardous species, ensuring that their
concentrations in the syngas drop below 1 ppm across the entire operating window.
Importantly, a solvent mass fraction of no more than 0.33 (8 < 0.33) in the initial
feedstock blend is sufficient to achieve this toxic species suppression.

e A chlorine capture algorithm was substantiated based on the dissolution of the gener-
ated HCl within the residual steam condensate upon cooling the gasification products
to T =293 K. For highly chlorinated feedstocks (chlorine content above 70 wt.%), a
moisture deficit coupled with a free oxygen excess in the GA makes standard gasifi-
cation unfeasible. To address this, a co-feeding method using external hydrocarbons
was proposed and validated (demonstrated via co-feeding CHCs with C4HgO,). This
approach ensures complete HCI dissolution across the entire operating range, yielding
a commercial-grade aqueous hydrochloric acid solution.

The proposed method of detonation-driven steam—carbon dioxide gasification of
CHC:s is a promising, economically affordable, and less energy-intensive alternative to high-
temperature plasma-chemical technologies for toxic industrial waste utilization. While the
present 0D thermodynamic model establishes the theoretical boundaries and operating
windows for safe chlorine capture, it directly serves as a foundational design tool for
upcoming physical testing. Future work will focus on pilot-scale experimental validation
of the proposed technology within the identified optimal operating windows under strict
environmental and safety controls.
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Abbreviations

The following abbreviations are used in this manuscript:

CCE Carbon conversion efficiency
CGE Cold gas efficiency

CHC Chlorinated hydrocarbons
qJ Chapman-Jouguet

DGY Dry gas yield

EUL Extended upper limit

GA Gasifying agent

LHV Lower heating value

LL Lower limit

NEE Net energy efficiency

(0] Operating points

PCDD/Fs  polychlorinated dibenzo-p-dioxins and dibenzofurans
UL Upper limit
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