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Abstract

It was shown that hexamethylenetetramine (HMT) is a new effective fuel for single-step
solutions combustion synthesis (SCS) of supported Ni catalysts for methane decomposition into
hydrogen and nanofibrous carbon. Several generalized chemical equations reflecting different
ideas about combustion of the HMT — Ni(NO3), — Cu(NO3), — Al(NO3); — H,0 system have
been derived. On the basis of those equations the adiabatic combustion temperature (T,,) and the
amount of gaseous products (n,) have been calculated depending on the ignition temperature (T}),

water content (m), excess fuel coefficient (¢), and the composition of the obtained solid product.
The calculations have shown that T, ;, depending on m and ¢, changes from hundreds to thousands
of degrees Kelvin. Increase of Al,05 content in the catalyst up to 0.6 increases T,,; by hundreds
of degrees, and that increase of the Ni:NiO ratio up to 0.5 lowers T,4 by tens of degrees. Three
samples of the supported unreduced 0.97NiO/0.03Al>03 catalyst were successfully prepared with
the help of the SCS method using HMT as the fuel at ¢ = 0.7. Those samples, obtained at reaction
mixture preliminary heating rates V=1, 10, 15 K/min were characterised using XRD, TEM, and
SEM, and further tested in a pure methane decomposition reaction (100 LcHa/h/gcat, 823K, 1 bar).
Nanoparticles of metal Ni were found in the SCS products, in contrast to cases when other types
of fuel were used with ¢ < 1. The experimental results showed that the higher is V, the higher is
the maximum SCS temperature, the larger is the average size of Ni nanoparticles in unreduced
catalyst, the higher is the stability of unreduced catalyst (up to 14 h) and the higher is the specific
yield of hydrogen (up to 818 mol/molca) during the deactivation period. The activity value of our
unreduced catalyst (0.7 mol/h/gca) in the methane decomposition reaction is close to maximum
activity values of pre-reduced Ni catalysts of different nature reported in published articles.

Key Words: nickel-based catalyst, solution combustion synthesis, hexamethylenetetramine,
adiabatic combustion, methane decomposition, hydrogen and carbon nanofibers production.

1. Introduction
The catalytic decomposition of hydrocarbons to hydrogen and carbon (C,H,, —» nC +

%mHZ, AH} is hydrocarbon dependent, AH}?’_CH,4 = 75,6 %) is currently considered as the basis

of efficient technologies for hydrogen production [1]. The advantages of this process, compared
to its alternatives, are ecological friendliness, simplicity and the lack of carbon oxides in the
reaction products. Furthermore, the use of co-produced nanostructured carbon as a market valuable
by-product allows to reduce the cost of the hydrogen production.
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It is known that industrial approach for hydrogen production based on the hydrocarbons
catalytic decomposition is limited due to the fact of relatively fast deactivation of applied catalysts
mainly by deposited carbons. The introduction of additional steps in order to activate the catalyst
via oxidation or hydrogenation of the deposited carbon negates the stated advantages. Hence the
reduction of the catalyst production cost and as the second option the hydrogen cost compensation
via high yield of valuable nanocarbons are currently accepted as one of the main options for the
advancement of such technologies.

One of the proposed solutions [2] is to use cheap carbon materials as the catalyst so no
purification is required for the produced carbons. However, the consumer properties of such carbon
products are dissatisfactory. The second option is to produce hydrogen and new unique carbon
nanomaterials by the hydrocarbons decomposition in presence of catalysts containing certain
metals of 4" period of Periodic Table [3,4]. These materials consisting mainly of carbon nanofibers
(CNFs) and carbon nanotubes (CNTSs) have various morphologies, different structural and textural
features as well as different physical, chemical and catalytic properties. It has been shown that the
characteristics of these materials can vary due to their synthesis conditions. CNF materials can be
produced in a form of mesoporous granules [5]. Their application fields include energetics [6],
catalysis [7,8], adsorption purification [9,10], immobilization of biologically active substances
[11], carbon-polymer composite technologies [12,13] and other applications.

For the first time the technological concept of co-production of hydrogen and carbon
nanomaterials by decomposition of hydrocarbons on special metal catalysts was proposed and
implemented at the pilot reactor level by G. Kuvshinov et.al. [3,14-16]. The current state of
research in this field is reviewed [4,17,18]. It was shown that the catalyst's efficiency remains one
of the key issues for the successful commercial technology implementation.

The main catalytic systems and methods of the catalyst preparation for the process of carbon
nanostructures synthesis by hydrocarbon's decomposition are well outlined [19]. During the
supported catalysts preparation, the active phase in the form of metal or alloy nanoparticles is
typically obtained by reducing the corresponding metal oxides with hydrogen [20]. The catalyst
precursor containing the active phases in the form of oxides will be hereinafter referred to as the
unreduced catalyst. Normally the transition metals of 4" period, such as Ni, Co, Fe as well as their
alloys and alloys with other metals for example copper and molybdenum, are used as the active
phase due to carbon’s high solubility within them. The hard-reducible oxides Al>O3, SiO2, MgO,
ZrO- etc. or carbon are used as the catalyst supporters. It was shown that the levels of catalyst
activity and stability in the course of methane decomposition depend significantly on chemical
composition and structural characteristics of the carrier [21,22]. There were reports about
preparation of unsupported porous NiO-catalysts on which carbon was deposited in the
form of nanograins [23]. Since the catalyst become deactivated relatively quickly, its integral
efficiency is evaluated by the specific yield of hydrogen (yy, mol/mol.,; or mol/g.,:) and
carbon (y., mol/mol_ . or g/g.q+) during the deactivation period.

Supported catalysts with high active component content (>30 wt.%) produce the highest
specific yield of hydrogen and carbon [24]. The specific yields and properties of the synthesized
carbon nanostructures depend primarily on the size, shape and state of the metallic nanoparticles
[25], as well as on the interaction between them and the supporter [26]. It has been noted that for
the reaction temperatures of 500 °C , 550 °C, 580 °C and 700 °C the optimal sizes of metallic
nanoparticles in Ni-based supported catalysts are 60-100 nm, 30-40 nm, 34 nm, and 10-20 nm
respectively [27]. With other parameters being constant, the maximum value of the product's
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specific yield depends on the active phase content and the ratio between the contents of the first
and second metals if the catalyst is bimetallic [20,28,29].

The supported catalysts, with a high active component content, may be arranged in the

following order, depending on the maximum achieved specific yield of the products [17]:

(Pd + Ni) > (Ni + Cu) > Ni > (Fe + Co) = (Fe + Ni) > Co > Fe.
Therefore, the supported nickel and nickel-copper catalysts, when not considering catalysts based
on precious metals, show the most promise for the use in large-scale co-production technology.

There are many known methods for preparing metallic catalysts for the processes of
decomposition of hydrocarbons into hydrogen and carbon nanomaterials [19]. A few most often
used methods of supported catalyst preparation are co-precipitation [27,29], impregnation [30],
sol-gel synthesis [24,31] mechanochemical activation [32] and solution combustion synthesis
(SCS) [33,34].

The SCS was first proposed by J. Kingsley and K. Patil [35] as a method for obtaining highly
dispersed alumina and similar oxide systems in one step. The aluminium nitrate hydrate
AI(NO3)3*9H>0 (oxidiser) and urea CHsN2O (fuel) were mixed in a stoichiometric ratio and
dissolved in a minimal amount of water. The resulting paste-like mixture was placed in a muffle
furnace at the temperature around 500 °C, where the paste spontaneously ignited as the flame
temperature increased to 1600 °C. As the result, a large number of gaseous products and a solid-
state residue in the form of nanocrystallite Al.O3 foam were obtained. The duration of the process
was around 5 minutes, with the flame combusting period of 2 minutes. Reviews [36-38] provide
the information on the state of research in the field of SCS, including catalysts preparation.

The solutions for SCS contain a solvent (usually water) and one or more oxidizers, which
simultaneously act as a precursor of a metal oxide (usually the corresponding metal nitrate) and
one or more kinds of fuel performing the role of a chelating agent (typically linear and cyclic
organic amines, acids and amino acids) [38-40]. The most commonly used fuels are industrially
produced urea, glycine, citric acid, hexamethylenetetramine (HMT) and laboratory-prepared
hydrazine-based agents [39-41]. The type of fuel used has a significant effect on the process
temperature, the uniformity, the size and shape of the crystallites of the solid SCS product [40].

Nevertheless, in apply of the efficiency of decomposition of hydrocarbons to hydrogen and
nanofibrous carbon, the effect of the fuel type on the properties of catalysts obtained by SCS has
not been in-depth researched. Only citric acid [42], [43] and glycine [34,44] were used as fuels.
At the same time, despite the fact that use of hexamethylenetetramine (HMT) as a fuel in the course
of SCS is more promising as HMT is cheap, harmless and is manufactured on a large scale [41],
the authors are not aware of publications on preparation and study of the catalyst prepared by the
SCS method using HMT as a fuel specifically for hydrocarbon decomposition processes.

This work studies the peculiarities of combustion of aqueous solutions containing HMT and
Ni, Cu and Al nitrates on the basis of thermochemical calculations, physical and chemical studies
and tests of the obtained products as unreduced catalysts in the course of methane decomposition.
The efficiency of the use of unreduced NiO/Al.Os3 catalyst, obtained in one stage by the SCS at a
lack of HMT was confirmed experimentally.

2. Research methodology
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2.1.  Thermochemical analysis of Hexamethylenetetramine — Nitrates Solution
Combustion Synthesis of NiO-Ni-CuO-Cu-Al203 Catalyst

The thermochemical calculations shown below, are based on the application of generalized
chemical equations, derived with the certain assumptions regarding the specifics features of the
SCS process. In all cases the H,0 — C¢H,N, — Ni(NO3), — Cu(NO3), — AL(NO3)5 solution
was taken as an initial reaction mixture. The molar fuel/unreduced catalyst ratio, in the case when
both nitrates and fuel are completely used up in the reaction of fuel oxidation with nitrates, will be
called stoichiometric (y,;). In practice, the combustion of solutions can occur in the conditions of
three types: stoichiometric fuel content, the excess and shortage of fuel with respect to the
stoichiometric content. In this framework, the combustion process will be characterised by the fuel
excess coefficient,

_y
= Vst' (l)

where y — the real molar fuel/catalyst ratio. The fuel excess coefficient indicates the amount by
which the content of fuel in the solution is larger (¢ > 1) or smaller (¢ < 1) compared to the
stoichiometric (¢ = 1).

2.1.1. Derivation of the generalised equation for the complete oxidation of HMT by Ni,
Cu and Al nitrates with present of molecular oxygen as reactant or product

It has been shown [45] that the products obtained by the SCS under the ¢>1 may contain
oxides of easily reducible metals and metallic phases. Therefore it is assumed that the unreduced
catalyst obtained by the combustion of solutions containing Ni, Cu and Al nitrates will contain Ni,
NiO, Cu, Cu0O and Al,05 (hardly reducible oxides). The chemical composition of this unreduced
catalyst will be characterised by the mole fraction:

xXni = Nyi/Nk, Xnio = Nyio/Nk» Xcu = New/Ni» Xcuo = Neuwo/Ni» Xaizos = Nazoz/Nk,  (2)

where Nyi, Nyio» Neus Necwo, Naizos — mole numbers of Ni, NiO, Cu, CuO and Al,05 in the
catalyst; N, = (Ny; + Nyio) + (Ncw + Ncwo) + Nazos = Nini + Nicw + Nagzos — total number
of moles in the catalyst; Nyni = (Nyi + Nyio)s Nicu = (New + Newo) — total amounts of nickel
and copper in the catalyst. It follows from Eqgs. (2) that:

Xni + Xnio + Xcu + Xcuo + Xazoz = 1. (3)

Therefore, four independent parameters are needed to describe the composition of the
catalyst. It is sometimes convenient to use a different set of four parameters:

Xa1203) Ak = Xgcu/ Xrni + Xrcw)s €ni = Xni/ (Xni + Xnio), €cu = Xcu/ Xeu + Xcuo) 4)
whence

Xrcu = (1 — Xa1203), Xeni = (1 — ag) (1 — Xa1203),

Xnio = (1 — en) (1 — ap) (1 — xa1203), Xni = Eni(1 — ag) (1 — Xa1203), (%)

Xcuo = (1 — ecy)an (1 — Xp1203),  Xcu = Ecu@r(1 — Xa1203)
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The generalised reaction equation of the solution combustion for the case of several nitrates
and a fuel can be obtained by combining the equations for the decomposition of nitrates and
oxidation of the fuel by oxygen, similar to [37,38], where the solution contained only one nitrate.

Let us write down equations for the reactions of nitrates decomposition with stoichiometric
coefficients multiplied by the mole fraction of the corresponding component in the unreduced
catalyst, which will be obtained as the result SCS:

e decomposition of nitrates to metal oxides, nitrogen and oxygen:

XnioNI(NO3), = xyioNiO + xyjoNy + Xyi05/2 Oy, (r1)
XcuoCu(NO3); = Xy CuUO + Xcyo Ny + Xcy05/2 0, (r2)
X412032AL(NO3)3 = X412034103 + X412033N; + X41203 15/2 05; (r3)

e decomposition of nitrates to metals, nitrogen and oxygen:

xNiNi(N03)2 = xNiNi + xNiNz + xNi302, (I’4)
xCuCu(N03)2 = xCuCU, + xCuNZ + xCu302; (I’5)

e oxidation of HMT by oxygen:
yC6H12N4 + 9y02 == 6yH20 + 6yCOZ + ZyNz, (I’G)

where y is the amount of fuel contained in the reaction mixture used to produce one mole of
unreduced catalyst.

Next, by adding up the left and right parts of Eqs (r1-r6) and with account of the equation
(3), it is possible to obtain a generalised equation for the SCS, normalized to one mole of
unreduced catalyst:

(xni + xNio)NI(NO3), + (xcy + Xcuo) Cu(NO3), + 2x4203AL(NO3)3 + yCoHi Ny +
1
+§(18y =5 —xp; — Xy — 10x45203)0; =

xNioNiO + xNiNi + xCu()CUO + Xcucu + xA1203A1203 +
+(1 + 2x4;203 + 2y)N, + 6yH,0 + 6yCO, (r7)

Eq. (r7) does not account the effect of the transition of water present in the solution from liquid
to gaseous state, which is crucial for the thermochemical analysis. To correct for this, it is necessary
to introduce water as liquid and gas with the same stoichiometric coefficient m into the left and right
parts of Eq. (r7) respectively. The m parameter is defined as the ratio of water mole number in the
solution at the ignition moment to the number of moles of synthesised unreduced catalyst
(moly,o/mol.,;). In addition, it should be taken into the account that for the stoichiometric mixture
the oxygen coefficient in the reaction Eqg. (r7) should be equal to zero, i.e. 5+ xy; + x¢cy +
10x4;203 — 18yg: = 0, from which

_ 5+xNi+XCu+1OXA1203

Vst = 18 ) (6)

and then from Eq. (1)

Y= @QYse = 1%(5 + Xni + Xcu + 10x41203) (7)
5
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With account of water content and substitution of Eq. (7) into Eq. (r7) it is possible to derive a
generalized reaction equation in terms of fuel excess coefficient (¢) normalised to one mole of
unreduced catalyst as follows:

(xni + xnio)NE(NO3), + (e + Xcuo) Cu(NO3); + 2x41203AL(NO3)5 +
%
+E(5 + xNi + xCu + 10xA1203)C6H12N4 + mH20(l) =

® 1-9¢
+ (1 + 2X41203 + 6(5 + Xy + Xcy T 10xA1203)> N; + — (5 + xpy; + xcy + 10x41203) 0,

+(E (5 + xy; + Xeu + 10x41203) + M)H,0 4. (r8)
Eqg. (r8) corresponds to the combustion process of the solution, which is characterised by the water
content m and the fuel excess coefficient ¢ < 1, at which the excess nitrates decompose with the
release of oxygen.
When ¢ > 1, the oxygen participates in the reaction as a reactant. Therefore, it must be moved
into the left side of the Eq. (r8):

(xni + xnio)NI(NO3); + (xcy + Xcuo) Cu(NO3); + 2x4203ALNO3) 3 +
@ p—1
+E(5 + xni + Xcy + 10x45203) CeH12 Ny + mH, 0y + — (5 + xpy; + xcy + 10x45203)0; =

XnioNiO + xpiNi + xXcyo CuO + x00, Cu + X4520341,05 + %(5 + xni + Xcy + 10x45203)CO0, +

@
<1 + 2X41203 + 9 (5+xy; +xcy + 10xA1203)> N; +

(% (54 xy; + xcy + 10x47203) + m) H,0. (r8a)

Equation above corresponds to the condition when the excess fuel is oxidized by pure oxygen.
Reactions (r8) and (r8a) are normalised to one mole of catalyst. Therefore, their stoichiometric
coefficients indicate how many moles of each reagent should be present in the solution to obtain 1
mole of unreduced catalyst at the set values of xyi0, Xni» Xcuo» Xcw Xaizos» @, and m.
In the case of a stoichiometric mixture (¢ = 1) Egs. (r8) and (r8a) take the same form:

(xni + xnio)NI(NO3); + (xcy + Xcuo) Cu(NO3); + 2x4293AI(NO3) 3 +

1
+E(5 + Xni + Xcu + 10xA1203)C6H12N4 + mH20(l) =
1
XnioNiO + xyiNi + Xcy0 CuO + X0, CU + X4550341,05 + 3 (54 xy; + xcy + 10x45203)CO, +

1
+ <1 + 2X41203 9 (5 +xy; + xcu + 10xA1203)> N, +

+2 (5 + i + Xey + 10xa3203 + 3M)H, 0. (r9)
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2.1.2. Derivation of the generalised equation for HMT — Ni(NO3), — Cu(NO3), —
AlL(NO3); systemat @ > 1, where the excess fuel is oxidised by the molecular oxygen
of air

With burning occurring in air the adiabatic combustion temperature will be lower, since the
nitrogen in air will be heated alongside the reaction products. This effect can be accounted for by
introduction of nitrogen with stoichiometric coefficients which are dependent on the air
composition, into the left and right hand sides of the Eq. (r8a). In this case with the assumption that
the molar ratio of oxygen/nitrogen = 21/79, we can get the following generalised reaction equation:

(xni + xnio)NI(NO3); + (Xcy + Xcuo) Cu(NO3); + 2x4203AI(NO3)3 +
@ -1
+ 18 (5 + xn; + xcy + 10x4)203)CsH1a Ny + S
79 -1
L9 —1)

21 2
XnioNiO + xpiNi + X0 CuO + x00, CU + X4520341,05 + %(5 + xni + Xcy + 10x45203)C0, +

79(p—1
+ <1 + 2xA1203 + (%"’ _(gp )

(5 + xNi + xCu + 10xA1203)02 + mHzo(l) +

(5 + xni + xcy + 10x4;203) Np(gy =

21 2
+(5 (5 + xi + Xy + 10x41203) + M)H, 0. (r10)

V(5 + xy; + x¢y + 1OXA1203)> Nyg) +

2.1.3. Derivation of the generalised equation for HMT — Ni(NO3), — Cu(NO3), —
Al(NO3); system, at @ > 1, where the excess fuel decomposes to simpler
substances

In this proposed version of SCS it is assumed, that for the ¢ > 1 condition,

% (5 4+ xn; + xcu,10x4,203) moles of fuel per one mole of unreduced catalyst get consumed like
in stoichiometric combustion according to the reaction represented by Eqg. (r9).

The remaining part of HMT, (% (o —1)(5 + xn; + xc,10x4;203) moles of HMT per 1 mole

of catalyst), decomposes to simpler substances in according to the following reaction of complete
decomposition:

1 1
E(fﬂ — 1)(5 + xy; + %y 10x44203) CHi2 Ny = 3 (@ — 1)(5 + xn; + ¢y 10x45203)C +

1 1
3 (0 — 1)(5 + xp; + %, 10x4,203) Hy + 3 (@ — (5 + xn; + xcy 10x47203) N> (r11)

In this approximation the generalized equation for the SCS normalised to one mole of unreduced
catalyst is achieved by adding the Egs. (r9) and (r11):

(xni + xNio)NI(NO3), + (xcy + Xcuo) CU(NO3), + 2X41203AI(NO3)3 +
Y
+E(5 + le' + x(;u + 10xA1203)C6H12N4 + mHzo(l) =

1
XnioNiO + xpiNi + xcy0 CuUO + x¢0, Cu + X4520341,05 + 3 (54 xy; + xcy + 10xA1203)C02(g) +

7
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Q@ 1
+ (1 + 2x41203 + 3(5 + xy; + Xy + 10xA1203)> Ny + 3 (@ — D + xn; + x¢y,10x4203)C +

1 1
5 (@ = D+ xyi + xcu10x41203) Ha gy + G (5 + Xy + Xcu + 10Xa1203) + M)HR0(g). (r12)

2.1.4. Derivation of the generalized equation for the combustion of the solution with the
formation of nitrogen dioxide (low temperature case, ¢ < 1, xy; = Xc, = 0)

When deriving the reaction Eq. (r8), it was assumed that in the case of a fuel shortage the excess
nitrates would decompose to metal oxides, oxygen and nitrogen, as outlined in Egs. (r1)-(r5). These
reactions are possible at sufficiently high temperatures, when nitrogen oxides decompose sufficiently
quickly.

At relatively low temperatures and ¢ < 1 a more realistic conversion scheme may be based on
the assumption that the o fraction of the total amount of nitrates participates in the combustion process
without formation of the metallic phases (xy; = x¢, = 0), via the reaction represented by Eq. (r9):

5
OxNjoNi(NO3), + oxcyo Cu(NO3); + 20%41203AL(NO3) 3 + E(P(l + 2x41203)CeH12Ny =
5
0xNioNIO + @X(cyoCuO + QX 41203A1,05 + §(P(1 + 2X41203)C0; +

5 5
+o (1 + 2Xa1203 +5 (1 + zxAlZOB)) Nz +50(1 + 2x41203)H2 0 g). (r13)

The remaining (1- ¢) fraction of the total amount of nitrate decomposes to metal oxides, nitrogen
dioxide and hydrogen:

. . 1
(1= @)xyioNi(NO3); = (1 — @)xyioNiO + 2(1 — ¢@)xyioNOz(y) + 2 (1 = @)xnin02(g) (r14)
1
(1= @)xcuoCu(NO3); = (1 — @)xcuoCu0 + 2(1 — 9)xcyoNOy () + > (1= @)xcuo0z2(y (rlH5)
3
2(1 — @) X41203AL(NO3)3=(1 — @) X4120341,05 + 6(1 — @) x4203N Oy + > (1 = @)X4120302(g)
(r16)

The generalized reaction equation for the SCS within the framework of the considered
assumptions is obtained by summing up Egs. (r13) - (rl16), taking into account the presence of water
in the reaction mixture and the xy;o + Xcuo + Xa1203=1 equality:

xXnioNI(NO3) 2 + xcyo Cu(NO3), + 2x41203AL(NO3)3 +
5¢
+1_8 (1 + 2x41203)CeH12Ny + mH,0(py =
. 5¢
XnioNIO + X0y, 0CUO + X4120341,045 + 3 1+ 2xA1203)COZ(g) +

5
+2(1 = @) (1 + 2x41203)NO5g) + (1 + 6)(1 + 2X41203) No(g) +

1 5
+3 (1= @) + 2x41203)O2(g) + (M + ?q)(l + 2X41203))H20(g)- (r17)
The generalized equations outlined above can be used to describe the SCS in systems
containing one, two or three nitrate species.
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2.1.5. Methodology for the calculation of the adiabatic combustion temperature (T ,4) and
amount of gaseous reaction products obtained per one mole of catalyst (n,)

The various equilibrium states of the described chemically reacting thermodynamic system
at constant pressure is presented in Fig. 1. During the reaction the system moves adiabatically
from state 1 to state 4. Before the reaction, the system is characterised by enthalpy H = H, and
temperature T = T, K (temperature of the reaction medium on the ignition moment). When the
reaction is complete, the system is characterized by a different composition, enthalpy H = H, and
tempetarure T = T, K.

Reaction,
State 1: Phase transition, State 4:
initial species, ) products,
T:T],Hl, TChange T:Tad H4
T'change p=101,325 kPa T'change
State 2: Reacti State 3:
initial species, caction, products,

T=Tw=298 K, H,

Phase transition

T=Tw=298 K, H,

Fig. 1 — The progress scheme of the thermodynamic states

Due to enthalpy being a state function the enthalpy change is not process dependent
quantity. Therefore the calculation of the direct adiabatic transition from state 1 to 4 can be
substituted by a sequence of state transitions from 1->2->3->4, as it shown in Fig. 1. At the
same time, given that the enthalpy does not change during the adiabatic process at constant
pressure, we can write:

AHy_,=H, —H, = (Hy — H3)+(H; — Hy) + (H, — H;) =

AHI—Z + AH2_3 + AH3_4_ = O, Where (8)

T=298
AH,_, = |. ©)

k
T=T, i=1 |Vi|CpidT

- the change of the enthalpy of the initial mixture when its temperature changes from T = T, to
standard temperature T = Ty, = 298 K;

AH; 3 = Z§=1 VjHjO - ?:1 |vi|H (10)

- the difference between the total enthalpy of formation of the final and initial reaction mixture;

AHy_y = [;

l
T=298 ZJ'=1 Vjcpde

- the change of the enthalpy of reaction products when their temperature changes from T, =
298K t0T = Tyy.

(11)
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In the Egs. (9)-(11) ¢y, cpj — molar specific heat capacities of the initial (i) and final (j)
species, (including the species that are chemically inert); v; v; — stoichiometric coefficients
related to initial and final species, respectively, in the respective generalized reaction equation;
k,l— the number of species present in the initial and final compositions, respectively; H?,
Hj0 — the enthalpies of formation of the initial and final substances under normal conditions,
respectively.

Substituting Egs. (9)-(11) into Eq. (8) resulted in an expression from which the adiabatic
temperature (T,4) can be determined if the properties of the species and the stoichiometric
coefficients of the generalized reaction equation are known:

T=298 T=Tq
fT=T1 1 Vil epidT + Bhoq viHP = S Vi HY + [ Dh2q ViCpdT = 0, (12)

The dependence of the specific heat capacity on temperature is typically represented by a
following relation:

Cpi = q; + blT + CiT_Z (13)
In this case:
pridT = f(ai + blT + CL'T_Z)dT = al-T + %biTz - CiT_1 (14)

By using Eq. (14), the integral Eq. (12) could be transformed into the following algebraic
expression:

k k k
1 1
(298 = 1)) ) Iwla; + (2987 = T2) ) [wlb; = (555 =7 ) D Iviler + (298 = T) +
= = 298 T,/ « -
i= i= i=

l k l
v;HP — Z [vi|HY + (Tq — 298) Z vja; +
j=1 i=1 j=1

l 1 1
]:

k
i=1

(15)

Table 1 shows the properties of the species used in the calculations.

Table 1. Standard enthalpy and specific heat capacity of species

Properties— H° ¢, =a+bT —c/T™? ®

(&)

kJ/mol J/(mol-K) %

Speciesl a b-103 | ¢-105 | @
AI(NO3)3e) | -927 115 [46]
Al203(s) -1668 109,9 17,7 30,94 | [47]
Cucs) 0 24,54 | 4,175 | 1,208 | [47]
Cu(NO3)2es) | -303,1 85* [46]
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CuO¢s) -154,9 45,12 13,83 | 5,41 | [47]
Ni(s) 0 29,19 3,69 [47]
Ni(NO3)z2¢s) | -401,5 28,13 190 [48]
NiOgs) -244,1 44,3 [47]
Ceen 0 11,19 10,9 | 4,885 | [47]
CO2(g) -393,1 43,21 11,04 | 8,166 | [47]
Hzeg) 0 27,81 2,882 [47]
H20(g) -241,9 30,12 11,29 [47]
H20q) -285,6 76,05 [47]
N2 0 27,87 4,192 [47]
NO2z2(g) 33.87 45,13 11,5 | 9,442 | [47]
O2(g) 0 31,43 3,39 | 3,768 | [47]
CeH12Na(s) 124 152,3 [49]
* indicative values

In this work, Eq. (15) was used to calculate T,,, depending on:
e the used generalized reaction equation;
e the composition of the synthesised catalyst;
o the fuel excess coefficient;
e the water content in the initial mixture and the value of the temperature (T,) at the
time of the ignition.
The total amount of gaseous reaction products obtained per one mole of catalyst
(ng, mol/mol.4.) Was calculated as a quantity equal to the sum of the stoichiometric coefficients
at the gaseous products in the corresponding generalized reaction equation.

2.2.  Experimental methodology

Catalyst preparation

In this work, unreduced catalyst is considered to be a metallic catalyst precursor, consisting
mainly of metal oxides. Typically, unreduced catalysts are reduced in a hydrogen stream before
their use in the hydrocarbon decomposition processes [28].

As it follows from the reaction equations (r8), (r8a), (r10), (r12) and (r17) introduced above,
to achieve 1 mole of unreduced catalyst, characterised by the xyio/Xcuo/ Xa1203 fractions, the
initial solution needs to contain x;, moles of Ni nitrate, x,, moles of Cu nitrate, 2x4;,03 Mmoles
of Al nitrate and 51—‘;’ (1 + 2x45203) moles of HTM. When obtaining other amounts of catalyst of
the same composition at the same ¢, the HMT and nitrates contents in the initial solution were
varied correspondingly.

The appropriate portions of nitrate hydrates were mixed up and heated. During the heating,
the chemically bonded water was gradually released, resulting in nitrates being dissolved in their
own crystalline water. Fifteen minutes after reaching 7=400 K the HMT mass, corresponding to
¢=0.7, was added into the formed nitrate solution. Then the solution was cooled to room
temperature while being stirred. At this stage the reaction mixture resembled a paste-like
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substance. The crucible with the cooled solution was placed into a muffle furnace, which was
heated from room temperature (298 K) to the temperature T, = 723 K at a rate of V=1, 10 and
15 K/min. During heating, the reaction mixture spontaneously ignited, resulting in a sudden
temperature rise of the reaction mixture, followed by its sharp decline. The local temperature of
the reaction mixture during its heating and burning was recorded at a frequency of 1 Hz.

The solid product of SCS was collected, crushed and sieved. The particles of 0.3 — 0.7 mm
were further used as the unreduced catalyst for testing in the reaction of methane decomposition.

Methane decomposition experiments

The unreduced catalyst (12 mg) was placed into a quartz vertical tubular up-flow reactor
with an inlet argon flow rate at 1.2 L/h. The reactor was heated up in an electric resistance furnace
and thermostabilised at T=823K. At this moment argon was replaced by methane (99.99% purity).
The methane decomposition experiments were carried out at atmospheric pressure with methane
inlet specific flow rate (MISFR) of 100 L/(h - g.q¢)- The concentration of the gaseous products
was measured by gas chromatograph Chromos GC-1000. The specific yields of hydrogen and
carbon were calculated from the carbon weight obtained during the deactivation period of the
unreduced catalyst.

Characterisation of the catalysts and carbon nanomaterials

The phase composition of the samples was studied using powder X-ray diffraction analysis
(XRD). XRD patterns were recorded on DRON-3 diffractometer using Cu Ka-emission line
(A=0.15406 nm). The average crystallite size was determined by using the Scherrer formula.

The surface structure and the elemental composition of the obtained unreduced catalysts and
carbon nanofibers were studied by scanning electron microscopy (SEM) using S-3400n Hitachi
with an energy dispersive X-ray spectroscopy (EDX) attachment from Oxford Instruments. The
micrographs of the samples’ surfaces were taken in the low vacuum regime by detecting the
backscattered electrons.

The structure, size of the nanoparticles and the morphology of the synthesised catalyst and
carbon nanofibers samples were studied by using Transmission electron microscopy (TEM), by
JEOL JEM-2200 FS-CS.

3. Results and Discussion
3.1.  Thermodynamic calculations

As a result of thermochemical calculations with use of equations (r8), (r8a), (r10), (r12) and
(r17) related to different conditions of the SCS process we have obtained data on the dependence
of the adiabatic combustion temperature (T,4) as well as the amount of gaseous products (n,) on
the generalized chemical equation used (peculiarities of the course of the process), ignition
temperature (T;), water content (m) in the reaction mixture at the time of ignition, fuel excess
coefficient (¢), and the composition of the obtained solid product (unreduced catalyst). The
calculations showed that the ratio xjy;: xxcy, has a small influence on T,4, which is explained by
small differences between Ni and Cu nitrates decomposition enthalpies and between the amounts
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of NiO and CuO molar heat capacities. Therefore, for simplification, our calculation results are
illustrated by the data obtained in an assumption that x,.,, = 0. Obtained data showed that when
T; rises, the condition AT,,; < AT; is fulfilled. For instance, in the surrounding area T; = 423 K
AT,4(AT;) =~ (0.6 = 0.65)AT;.

Fig. 2 shows the calculation results for the adiabatic combustion temperature (T,,4, K) of the
HMT-Ni(NOs)2-Al(NOs)s-H20-solution and the quantity of formed gaseous products (ng, mol/
mol.,:), depending on the fuel excess coefficient ¢ and the solution water content
(m, mol/mol,;) at the moment of ignition. The left and right vertical axes show the values of T,
and ng, respectively. All data corresponds to the ignition temperature of the reaction mixture of
T,=423 K.

It can be seen that T, strongly depends on the fuel excess coefficient ¢ and the specific
water content m in the initial mixture at the moment of ignition. In the ¢ < 1 region, the process
described by the reaction Egs. (r8) or (r17) which correspond to the cases where excess nitrates
decompose to molecular nitrogen and oxygen or to nitrogen dioxide and oxygen respectively (see
above). It can be seen that T, in the case of Eq. (r8) is higher than in case of (r17), which can be
explained by the positive enthalpy of formation of nitrogen oxides.

At ¢ > 1, Eq. (r8a) corresponds to the condition where the excess fuel is oxidised by pure
oxygen, allowing to achieve the highest values of T,;. The limiting combustion temperature at
these conditions is the adiabatic temperature of combustion of a stoichiometric mixture of pure
HMT and pure oxygen.

Equation (r10) corresponds to the case of oxidation of excess fuel by molecular oxygen of
air. The dependence of T,;(¢) in the ¢ > 1 region for m = 1.5 decreases whereas for m = 6 it
increases. This tendency occurs regardless of m as with the increasing ¢ the limiting value of
T, () should tend to the adiabatic temperature of combustion of a stoichiometric mixture of pure
HMT and air.
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Fig. 2 — Dependence of the adiabatic combustion temperature (T,4, K) and gas amount (ng,

mol/molcat) on the fuel excess coefficient (¢) and the amount of water in the initial solution (m,
mol/molcat) for SCS of the 0.97NiO/0.03Al.03 catalyst.

Therefore, the highest T,; could be reached in the conditions of feeding molecular oxygen
into the reaction zone at small m and ¢ > 1. Due to the large values of T,,, reactions (r8a) and
(r10) are only of interest in specific cases, such as when using sufficiently dilute solutions (large
m) or in laboratory conditions, characterised by the high thermal losses.

Significantly lower temperatures develop at ¢ > 1 if molecular oxygen is not supplied to
the reaction zone. The reaction equation (r12) corresponds to these conditions and the assumption
that excess fuel is decomposed into simple substances. As Fig. 2 shows, the T,; (@) maximum is
reached at ¢ = 1 and, depending on m, can have values between 2000-3000 K. So the decrease in
T,q With increasing ¢ can be linked to the positive standard enthalpy of formation of
hexamethylenetetramine. The conditions corresponding to Eq. (r12) may be of considerable
interest from the point of view of obtaining the active metallic phase in a one stage by SCS at ¢ >
1 [45].

Inthe ¢ < 1 region the processes characterised by Egs. (r8) and (r17) can proceed in parallel
with a certain intensity depending on a temperature ranging from the ignition temperature T; and
up to several thousands of K as function of the ¢ and m values. The calculations show that based
on the conditions for sustainable combustion the ¢ value must be more than 0.3. Thus, a threshold
increases with the increase in m, since for small ¢ and large m, the condition T,; < T; can be
realized.
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Fig. 3 - Dependence of the adiabatic combustion temperature (T4, K) and gas amount (ng,

mol/molcat) on the fuel excess coefficient (¢) for various chemical compositions of unreduced
catalyst obtained.

Fig. 3 shows the results for the combustion process proceeding via Eq.(r8) in the ¢ <1
region and Eq. (r12) in the ¢ = 1 region. The graphs demonstrate the T,,(¢) dependencies on
composition of the resulting unreduced catalyst. The numbers before the chemical formulas
indicate the mole fraction of the corresponding oxide or metal phase present in the unreduced
catalyst. It can be seen that T,, increases considerably (by hundreds of degrees) with an increase
in the share of alumina in the catalyst. That can be explained by the fact that increase in the share
of alumina in the catalyst requires double increase of the share of aluminum nitrate in the solution,
that has a higher decomposition enthalpy than nickel nitrate or copper nitrate.

It has been noted that nickel and copper can be reduced to the metal phase under the excess
fuel condition. However, as can be seen in Fig. 3, even in the case of reduction of 50% of nickel
the value of T, does not significantly diminish (by less than 40 K).

It was shown in [36] that gaseous products, formed in large quantities during the SCS, have
an effect on the structure and texture of the produced oxides, inhibit the growth of the particles
and promote the production of a more dispersed solid product. Figs. 2 and 3 show the calculated
ng(¢) dependences (mol/mol 4, the m is included in n, additively) when HMT is used as a fuel.
It is observed that the n,(¢) dependence is increasing, regardless of the type of generalized
chemical reaction equation (Fig. 2) and the composition of the synthesized catalyst (Fig. 3). The
value of ng is greater when the content of the alumina and metal phase in the catalyst is higher,
which is associated with additional release of nitrogen and oxygen.

3.2 Experimental results
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Catalyst synthesis

Fig. 4 shows the dependencies of the reaction mixture (solid lines) and the muffle furnace’s
(dashed lines) temperatures on the reaction time of unreduced NiO/Al,O3 catalysts synthesis by
volumetric combustion of H,0 — Ni(NO3), — AL(NO3); — HMT solution at ¢ = 0.7 and
different heating rates of the muffle furnace (V). The 0.97NiO/0.03Al>03 catalyst samples were
obtained at V = 1,10 and 15 K/min, hereinafter referred to as sample 1, sample 2, sample 3,
respectively.

It can be seen that from the beginning of preheating to the ignition temperature T; the
temperature of the solution follows the temperature of the muffle furnace, remaining at a lower
level. The discrepancy between the temperature values increases with the increasing heating rate
of the furnace. As the solution temperature reaches T;, the ignition occurs and the temperature of
the reaction mixture rapidly increases, reaching the T4, in minutes, after which it quickly falls to
the furnace temperature. Furthermore, the temperature of the products continues to increase as the
temperature of the furnace increases. After the furnace temperature reaches T,rr = 723 K the
heating turns off, which leads to the slow decrease of the products temperature.

It can be seen that in all cases the higher is the furnace heating rate, the higher is Ty, It
can be explained by the fact that at higher heating rates average temperature difference between
the reaction volume and the surrounding environment (the furnace) decreases during the reaction
period and, as a result, heat losses into the environment also decrease. Since the reaction time in
the examined conditions is significantly smaller than the time of the furnace heating, it can be
expected that the ignition temperature of the solution (T;) should not depend on the heating rate of
the furnace. From fig. 4 it follows that for heating rates of 1 K/min and 10 K/min the ignition
temperatures practically coincide, and insignificant decrease in T; at V=15 K/min can be
connected with possible nonuniformity of heating of the reaction volume at high heating rates. It
should be noted that in the present work the ignition temperature of Ni(NO3)./0,062AI(NO3)3-
HMT solution T; = 433 K (¢ = 0.7) was lower than in [41], where T; =473 K (nickel nitrate -
HMT, ¢ = 1), but higher than in [45], where T; =393 K (nickel nitrate — HMT, ¢ = 2).
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Fig. 4 — Experimental dependencies of the furnace (dashed lines) and reaction mixture
temperature (solid lines) during the synthesis of 0.97NiO/0.03Al203
catalyst via SCS process (¢ = 0,7).

It can be assumed that in the observed SCS process a significant part of moisture is removed
from the sample prior to the start of the reaction and at the moment of ignition m <
6 moly,o/mol.,; (m = 6 corresponds to the maximum water content in the nickel nitrate
hydrate). A comparison of the experimental (Fig. 4) and calculated (Fig. 2) data for ¢ = 0.7 shows
that T,p,qx < Tgq for both m = 6 and m = 1.5. This indicates that uncontrolled enthalpy losses to
the environment during the experiments make up a significant part of the reaction enthalpy that
must be considered when scaling the SCS process.

Fig. 5 shows a typical morphology of the unreduced catalyst samples obtained in this work.
It can be seen that when using the HMT, the solid product has a characteristic foam-like structure
similar to that obtained in [45].
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Fig. 5 — Images of the catalyst sample 3 obtained with SEM (a) and TEM (b).

Fig. 6 shows the XRD patterns of the SCS products in HMT-nickel nitrate system (catalyst
samples 1 to 3). We can see that, in addition to nickel oxide a small amount of metallic nickel is
present in the unreduced catalyst samples acquired at the muffle heating rates of 10 and 15 K/min.
As the heating rate is reduced the magnitude of the peaks, corresponding to the metallic nickel,
decreases.

Detection of metal nickel in the unreduced catalyst produced via SCS at ¢ <1, is
unexpected as emergence of metal nickel at the conditions of a fuel shortage contradicts the
equilibrium thermodynamics [50]. Formation of metal nanoparticles together with nickel oxide
nanoparticles during SCS was observed experimentally only at ¢ > 1[37], [45], [50]. The
mechanism of metal phase formation during SCS at the conditions of fuel excess (¢> 1, glycine)
was studied in work [50]. It was shown that reduction of nickel particles occurs due to excess of
ammonia formed at the conditions of fuel excess on the intermediate stages of glycine
decomposition. In [51] it was found that NH3 is also formed during HMT decomposition.
Therefore, it can be assumed that general mechanisms of metal phase reduction in the course of
SCS using glycine and HMT at the conditions of excess fuel are similar. At the same time the
emergence of metal phase in SCS products at ¢ <1 can be explained by non-equilibrium conditions
of the SCS process for the case of HMT use as a fuel. Indeed, in case of sufficient degree of the
process’ non-equilibrium, a metal phase can also be formed at ¢ <1 if at the initial stage of
synthesis, the reduction rate of NiO is higher than Ni oxidation rate, and therefore the short process
time does not allow reaching a chemical equilibrium. Peculiar features of HMT in the course of
SCS were also noted in [45], where it was shown that in comparison with other types of fuels
(urea, citric acid, glycine), HMT has the highest recovery valence. The HMT use at ¢ = 2 makes
it possible to reach the highest adiabatic solution combustion temperature and the highest yield of
metal nickel nanoparticles. Thus formation of metal nickel nanoparticles in SCS products at ¢ <
1 can be related with the application of HMT.

The increase of the metallic phase portion in the sample depending on the furnace preheating
rate can be linked to the reaction temperature increase and/or to the increase in the degree of
nonequilibrium of the chemical process under these conditions. The formation of the metallic
nickel at ¢ < 1 and moderate reaction temperatures is of great practical importance because, as it
will be shown below, such unreduced catalyst can be used in the decomposition of methane into
hydrogen and nanofibrous carbon without an additional stage of its reduction with hydrogen.

Table 2 presents data on the average sizes of crystallites of nickel oxide Ly;, and metallic

nickel Ly; in the unreduced catalyst. We can see that the Ly;, values are between 24.3-26.8 nm
regardless of the preheating rate. The Ly; values are much higher, 166 and 190 nm for samples 2
and 3, respectively. The increase in Ly; ,compared to Ly;,, can be explained by a more intensive
sintering of metallic nanoparticles in the SCS. The certain increase in Ly; with an increase in V
could be connected to an increase in T, When the V increases.
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Fig. 6 — XRD patterns of unreduced catalyst samples (¢ = 0.7).

Table 2. Experimental results for the Ni(NO3)2/0.062AI(NOz)3 - HMT system

Excess fuel coefficient ¢ = 0.7

Number of a Sample of unreduced catalyst 1 2 3
Muffle heating rate —V, K/min 1 10 15
Ignition temperature — Ty, K 432 433 415
Maximum reaction product temperature — Tp,qx., K 743 769 846
Average size of NiO crystallites — Ly;o , nm 26 26,8 243
Average size of Ni crystallites — Ly;, nm ** 166 190
Vi, mole/molcat 701 648 818
** Ni phase reflections are practically absent

Test the catalyst in the methane decomposition

The preliminary experiments have shown that unreduced catalyst obtained via SCS can be
used in methane decomposition to hydrogen and nanofibrous carbon just as effectively as a
hydrogen reduced catalyst. Therefore, the majority of the experiments were carried out with the
unreduced catalyst. The effectiveness of use the unreduced catalyst in methane decomposition can
be attributed to the presence of a small amount of primary nanoparticles of metallic nickel acting
in methane decomposition and correspondently hydrogen formation at the beginning of the
process. Then the formed hydrogen initiates the reduction of nickel oxide particles. The reduction
process of nickel oxide rapidly accelerates due to the increased concentration of hydrogen that has
resulted from the increased content of metallic nickel in the catalyst. The primary nickel particles
are relatively large and are most likely quickly deactivated. The reduced nickel nanoparticles have
a smaller size than their primary counterparts and get saturated with carbon, which then proceeds
to emerge from these particles in the form of nanofibers or nanotubes. The process then continues
via the same mechanism as with the previously reduced catalyst.
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It was established that the final solid product of methane decomposition can be produced as
rather stable porous carbon granules (>1-5 mm), which are principally composed of nanofibrous
carbon (>99 wt.%). Fig. 7a shows a TEM image of a disintegrated granule. The experimental data
indicates that the transverse dimensions of the metal nanoparticles and carbon nanofibers are the
same and range in size between 20-100 nm.
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Fig. 7 - SEM-image of carbon nanofibers with Ni-nanoparticles (a), and hydrogen concentration
vs time in the catalytic decomposition of methane (b).

The efficiency of the unreduced catalyst usage in methane decomposition was quantified
by the change in the hydrogen concentration as function of time and the specific hydrogen yield
(yy, mol/molcat) during the catalyst deactivation period. The dependence of the hydrogen
concentration in gas phase on time for samples 1-3 is shown in Fig. 7b. It can be seen for all
samples the hydrogen concentration is about 30% at the beginning of the process. The timescale
of the catalyst’s activation is insignificant in compare to the overall live time. First, depending on
the time, the concentration of hydrogen, remaining at a level above 25%, slowly decreases within
7-12 hours, and then quickly falls within 2-3 hours.

On the basis of the data presented in Table 2 and Fig. 7b it is possible to conclude that the
maximum time of catalyst deactivation (t,=14 h) and the maximum specific yield of hydrogen
(yy=818 mol/molcat) were achieved using sample 3. The sample was obtained via SCS with the
highest values of V and Tmax. It was found the sample 3 has the smallest average size of the NiO
crystallites (Ly;o =24.3 nm).

Table 3 provides data to compare our results to the published data related to methane
decomposition into hydrogen and nanocarbon. Table 3 shows the composition of catalyst, the
temperature of methane decomposition (T, °C), partial methane pressure at the reactor inlet (p,
bar), methane inlet specific flow rate (MISFR, mol/h/gcat), the time of relatively stable catalyst
performance (t,, h), the time of complete catalyst deactivation (t,, h), average methane conversion
(X, %) during the time t,, average catalyst activity (Ay = MISFR * X /100, molcna/h/gca) during
time t,, specific yield of hydrogen, determined by the gain of carbon per unit weight of unreduced
catalyst during the time t, (yy, mol/molcs). The data from different publications were processed
to the same respective measurement units. The 1 gram of unreduced catalyst (gcar) was taken as a
unit of catalyst mass. The following ratios were used in values recalculation: in case of pure
methane supplied to the reactor entry Ccys + Cy = 100 (where Ccpy4, Cy are methane and
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hydrogen concentrations at the outlet, vol. %); X = Cy/(200 — Cy) * 100 = (100 — Ccys)/
(100 + C¢pa) * 100; the weight of unreduced B(wt %)Ni/SiO, - catalyst m = my;/(B/100) *
(1416 x (B/100)/58,7), where m,; is Ni weight in unreduced catalyst of weight m. The data
contained in columns 2-6 characterise the conditions of the process course, and the data in columns
7-11 characterise stability, conversion, catalyst activity and specific yield of hydrogen.

Table 3. Different authors data on testing Ni catalysts in the process of methane decomposition
into hydrogen and nanocarbon

1 2 3 4 5 6 7 8 9 10 11
Ni Catalysts* T Inlet gas p | MISFR | t; | t, X Ay YVu
Ref. °C bar | mol/h/gca h h % molcha/N/Gcar mol/geat
[24], 1999 90wt%Ni/SiO2 550 | pure methane 1 3.87 30 39 19.7 0.765 45.1
[20], 2003 40wt%Ni/SiO2 500 | pure methane 1 3.62 50 70 7 0.253 29.5
[43], 2017 unsupported NiO 700 | pure methane 1 0.402 6 - 48 0.193
(Fig.4a)
[52], 2018 | 55wt%Ni/2MgO.Al203 | 600 | CH4N,=15/85 | 0.15 0.321 6 10 55 0.177 2.47
(Fig.4a) (Fig.5b)
Our data NiO/SiO,. sample3 550 | pure methane 1 4.46 10 14 15.6 0.697 10.8

It is well-known that in this process the stability of a catalyst decreases over a time
especially fast with the rapid rise of temperature and an increase in MISFR. The same trend can
be also traced in comparison of the data provided in Table 3. Unfortunately, the time t; in [43]
was limited by 6 hours, and no data on ¢, were provided.

The lowest catalyst stability in [52] is probably caused by increased reaction temperature
(1), and by methane dilution with nitrogen at the reactor inlet, as was observed in the case of
[17,53]. Relatively low stability of our catalyst in compare with the data of Ermakova et al. [24]
and S. Takenaka et al. [20] can be explained by a relatively low content of the supporter in the
catalyst and to higher MISFR in our experiments. Besides, one can assume that the achieved
stability of the catalysts received by the SCS method isn't maximal and can be significantly
increased by optimization of the operating parameters of SCS and the methane decomposition
process.

Methane decomposition is an endothermic reaction that goes with increase in the volume
of a gaseous phase, and the maximum possible conversion is determined by a chemical
equilibrium. In this connection (according to the laws of thermodynamics and kinetics) methane
conversion has to increase with an increase in temperature and decrease in partial pressure and
MISFR. Differences between the experimental data on methane conversion provided in Table 3,
including our data, meet the above-noted expectations. Maximum conversions were obtained in
work [43], and [52], but those values were obtained with the lowest MISFR apparently allowing a
catalyst to perform at the conditions close to chemical equilibrium. Increase in conversion at those
conditions doesn't compensate the decrease in MISFR and the values of catalytic activity appear
to be low. It should be noted that Takenaka et al. [20] in order to increase the stability and specific
yield of reaction products performed the reaction at the lowest temperature (500 °C). In such
condition conversion was at the level of 7% which seems to be insufficient for practical
applications. In our experiments conversion is at the level of one of the catalysts with the best
integral characteristics [24] and can be further increased without decrease in other parameters by
a decrease in the MISFR.

21

©2019, Elsevier. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/



As it can be seen from Table 3 the activity value of the sample 3 is 0.697 mol/h/gca and it
is 10% lower in comparison with the maximum activity of 0.765 mol/h//gc.: obtained in work [24]
as result of active phase particles size optimization, as well as composition, structure and texture
of Ni/SiO; catalyst. Relatively low activity of the Ni catalyst [43] and [52] in compare with others
presented in Table 3 can be explained by significant differences in regime parameters: higher
temperatures might have changed the reaction mechanism; reduced specific flow rate of methane
at the reactor inlet could shift conditions close to chemical equilibrium at which the chemical
reaction proceeds at low rate.

As noted above, yy is considered as the integral indicator of the catalyst efficiency in the
process under consideration. If the MISFR is constant and the X(t) is a simple functional
dependence we can express yy~ISMC * X xt, = A * t,. This shows that in order to obtain high
yy Values, it is necessary to ensure sufficiently high values of both the activity and the stability of
the catalyst. From Table 3 it can be seen that the catalyst obtained by the SCS method using HMT
as a fuel is somewhat inferior in term of the y, to the best samples presented in the scientific
literature, but this is mainly due to its relatively low stability. The stability of such catalyst can be
increased by an optimization of catalyst composition and operation parameters of catalyst
synthesis and methane decomposition process.

Conclusions

1. A review of publications shows that development of effective metal-oxide catalyst remains one
of the key problems in development of a technology for co-production of hydrogen and
nanofibrous carbon via catalytic decomposition of methane. Solutions combustion synthesis (SCS)
is recognised as one of the most attractive methods to prepare supported metal-oxide catalysts of
complex composition in one quickly proceeding stage. Publications on synthesis and application
of a catalyst prepared via SCS method using hexamethylenetetramine (HMT) as a fuel for
hydrogen and nanofibrous carbon co-production are not known to a date.

2. The generalized chemical equations reflecting different ideas about combustion of HMT —
Ni(NO3), — Cu(NO3), — Al(NO3); — H,0 system have been derived in the present work. On
the basis of these equations the thermodynamic numerical investigation of the adiabatic
combustion temperature (T,4) and gaseous products volume (n,) depending on the accepted
assumptions regarding the SCS, ignition temperature (T;), water content in the reaction mixture at
the moment of ignition (m), excess fuel coefficient (¢) and the composition of the unreduced
catalyst obtained have been performed. Calculations showed that the main parameters ensuring
the change in the adiabatic temperature of the SCS in the range from hundreds to thousands of
degrees Kelvinare ¢, mand T;. At ¢ < 1 the T,;(¢p) dependence is increasing, and at ¢ > 1 the
character of T,;(¢) change depends on the value of m and the variant of oxygen supply to the
reaction zone. Other things being equal, the adiabatic temperature can increase by hundreds of
degrees with an increase in the proportion of alumina in the catalyst and decrease by tens of degrees
with an increase in the share of the metal phase in the catalyst. For the synthesis of
0.97(NiO+Cu0)/0.03Al,03 catalyst at the conditions of T; =423 K, ¢ =1, m = 1.5mol/

mol g the calculation gives n, = 6.69 2, T,y ~ 2930 K, AT,y ~ (0.6 = 0.65)AT;.

molcat

3. The experimental studies of synthesis of NiO/Al,Oz3 catalyst by SCS method carried out at the
constant heating rates (V;, = 1 + 15 K /min) and the fuel excess coefficient of ¢ =0.7 have shown
that self-ignition temperature of the reaction mixture does not depend on the heating rate and is
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about 430 K. The highest combustion temperature (T}, = 846 K at I, = 15 K /min) turned out
to be much lower than the calculated adiabatic combustion temperature. The difference between
T,q and T,,,, can be caused by temperature losses taking place at laboratory conditions. The
obtained finely-dispersed solid product (unreduced catalyst) consisted mostly of nickel oxide
nanoparticles with the average crystallite size of Ly;, = 24 — 27 nm, alumina and relatively small
amount of metallic nickel particles with a crystallite size of Ly; = 166 — 190 nm. Appearance of
metal nickel at ¢ < 1 contradicts the equilibrium thermodynamics and the earlier published
experimental data obtained using other types of fuel, therefore it is possible to conclude that a
metal nickel phase formation at ¢ < 1 happens due to the fact that use of HMT in the course of
SCS causes the significant increase in the degree of non-equilibrium of the process. Indeed, in
non-equilibrium conditions the metal phase can be formed at ¢ < 1, if, for example, the reduction
rate of nickel oxide by intermediate products at the initial stage of synthesis is higher than the
oxidation rate of metal nickel, and short process time and rapid cooling of solid products do not
allow changes in the ratio of those rates and reaching a chemical equilibrium.

4. Use of HMT in the course of SCS at ¢ <1 makes it possible to obtain unreduced
0.97Ni0O/0.03Al,03 catalyst which shows high performance in the course of methane
decomposition into hydrogen and nanofibrous carbon and does not require preliminary reduction
by hydrogen. The results of testing unreduced catalyst samples in a methane decomposition
reaction at temperature 823 K, methane inlet specific flow rate 100 L/mol/gca;, and pressure 1 bar
have shown that specific hydrogen yield during the period of catalyst deactivation (yy) can reach
818 mol/molca, and its activity (0.7 L/mol/gcat) reaches maximum activity levels of catalysts
preliminarily reduced in hydrogen flow, reported in articles published so far. The ability of
unreduced catalyst obtained in the conditions of fuel shortage to self-activate in a flow of methane
can be explained by the presence of metal nickel nanoparticles in the SCS products that are formed
in the course of SCS when hexamethylenetetramine is used as a fuel.

Thus, the results of this work show that SCS using HMT as a fuel is an attractive way to
create a large-scale technology to prepare Ni catalysts for the process of methane decomposition
into hydrogen and nanofibrous carbon.

Further studies on concerning creation of this type of Ni catalysts should aim to increase
stability and specific yield of hydrogen based on optimization of the composition, structure and
texture of the catalyst, as well as the operation parameters of catalyst synthesis and methane
decomposition process.
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