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Abstract

Production of LiMn,O4 from aqueous solutions containing LINO3z ahdAMN(NOz3)2:4H20 in a
premixed flame-assisted spray pyrolysis reactor was investigated. The of air to fuel flow
ratio and residence time on flame length, flame temperature, produet crystallinity, mean particle
diameter, and yield were investigated. The effect of fuel flow arffd.t ncentration of the reactant
solution on the average particle size and yield were studied. m ing to the thermal gravimetry
test, LINO3 decomposed to Li>O at 700°C and Mn(NO mposed to manganese oxides
between 180°C to 500°C. Also, the mixture of reactan erted to LiMn2O4 at about 480°C.
The XRD patterns revealed Mn,Oz as the main impurity._1he average size of the crystals was in
the range of 20 to 50 nm. The dynamic light sc %g test showed that the maximum and the
minimum mean particle sizes were 436 and r@espectively. The highest product separation
efficiency was 30%. Further investigation is d to identify and quantify loss mechanisms such
as wall deposition and gas-phase nucleation leading to filter bypass. Future improvements could
include optimizing reactor geometry, using cyclone separators more effectively, and modifying
the flame configuration to reduc icle Tpss.

Keywords: Spray pyrolysis; Premixed flame; Lithium manganese oxide; Crystallinity, Mean
particle sizes @

Introduction K,

The most importan hods of nanoparticle production are the ball mill process (solid-phase
reaction) and chgfi et processes, including sol-gel, coprecipitation, hydrothermal methods,
and aerosol precgsses. However, the ball mill process and chemical-wet processes are multistage
and disco 'ms. In addition, it is not easy to control the properties of particles, such as size
and shap addition, these methods are not commercially suitable for large-scale use [1-4].
The | process is considered a bottom-up process with the scale-up capability to produce
hom@geneous nanostructures with a narrow size distribution [5]. Due to features such as high
rate and low production time, relative simplicity, and low operation cost, this is an assuring and
reliable process, especially for commercial production of nanoparticles [6]. The aerosol method
produces millions of tons of nanoparticles (such as carbon black, titania pigments, silica, optical
fibers, and complex oxides) annually [7, 8]. The flame method is a subset of the aerosol process.
It is a single-stage, economical and continuous process on a laboratory and industrial scale in

which feed (including reactants and solvents) is sprayed into the flame [9]. After the solvent
evaporates, a rapid reaction takes place. The flame provides the energy needed for the reaction.
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In spray pyrolysis, another subset of the aerosol process, droplets atomize and enter a hot
environment. The heat source causes the solvent to evaporate from the droplets, leading to the
precipitation and decomposition of the solutes, thereby producing product particles in the micron
or sub-micron size range. Because each droplet acts as a micro-reactor, production in a spray
pyrolysis reactor results in acceptable uniformity and high reproducibility. In other words, the
vital difference between the two methods is the type of heat source used in the reactor. In the
flame method, the size and shape of the particles can be well controlled due to the possibility of
changing the flow rate of the inlet flows. This method is divided into two categories according to
the state of the feed; A) vapor-fed aerosol synthesis; in this method, reactants are inject m
the flame in the vapor phase and are mainly used to produce ceramic materials. Thi$ is
used industrially to produce fumed silica, alumina, and titania. However, due to thghigp cost of
volatile reagents, a limited number of products are produced by this method, B) )@ﬁfed
aerosol flame synthesis production of flame aerosol with liquid feed: Reagen? njected into
the flame in the liquid phase. Due to non-volatile reagents (liquid phasg), ﬁ er is more
efficient, and more diverse products can be synthesized [7, 10-12]. The id-fed aerosol flame
synthesis includes flame spray pyrolysis (FSP) and flame-assisted spray pyrolysis (FASP). In the
FSP method, the reactants are dissolved in an organic solvent (sol ith high combustion
enthalpy), and a small flame is used to provide combustion. | SP method, the reactants
are the aqueous solution (solvent with low combustion ent and a hydrogen or hydrocarbon
auxiliary flame is used for combustion [13, 14]. FASP is ercially more cost-effective due
to the possibility of using cheap reagents and solvents and ethanol) [14]. In other words,
the important difference between the two methods j ype of solvent used in the reaction
solution. In FASP, after thermal decomposition réactions, the particles are separated from the
)

reactor by a filter. Due to the spraying of re particles, intermolecular collisions are very
effective and increase the reaction rate. On t er hand, direct contact of the droplets with the
flame, while increasing the thermal efficiancy, prevents the droplets from merging into each
other and producing large particles. Jhese¥eactors are also categorized into diffused flame and
premixed flame based on the typ(%m . In premixed flames, due to the mixing of fuel and
oxidizer and the possibility of adjusting the oxidant to fuel ratio, a complete combustion process
is performed, which leads to @Lﬁ ed fuel consumption, better temperature control and energy
savings [15]. Many attem ave been devoted to model particle formation mechanisms in the
flame process [16-18]. are two mechanisms of gas-to-particle conversion and droplet-to-
particle conversion e vapor phase aerosol process, particle formation occurs only through
ersion mechanism. However, the liquid phase aerosol method may
involve both isms [18]. The flame method has received much attention from researchers
due to its i@[o produce particles commercially. Compared to traditional methods like sol-gel
and co-precipitation, flame-assisted spray pyrolysis offers a one-step, continuous, and scalable
apanth better control over particle size and crystallinity. However, it may yield lower

purity if not optimized, and the process involves higher thermal input. Despite these trade-offs,
FASP remains highly attractive for industrial-scale nanoparticle production due to its simplicity
and speed. Recent work [19, 20] has demonstrated advancements in nanoparticle synthesis using
spray pyrolysis techniques, further underscoring the relevance of optimizing flame conditions for
high-performance battery materials. Jang et al. [21] investigated the effect of the concentration of
the reactant solution and the fuel and oxidant flow on the size of LiCoO> nanoparticles produced
by flame-assisted spray pyrolysis. They reported that an increase in the reactant solution's
concentration leads to an increase in particle size. In addition, they found that by an increase in



the fuel and oxidant flow rate, the flame temperature increases, and larger particles are produced.
Ernst et al. [22] used Li-t-butoxide, Mn(l11)-acetylacetonate and Xxylene as solvents to produce
LiMn204 spinel by flame spray pyrolysis. They found that increasing the feed flow from 3 to 8
ml/min, decreasing the carrier gas flow from 6 to 3 I/min, and raising the concentration of
reactants up to 1.8 M significantly influenced the particle characteristics. These changes led to an
increase in particle size, which jumped from 7 to 22 nm. At the same time, the specific particle
surface area decreased, dropping from 200 to 65 m?/g. Aromaa et al. [23] produced TiO-
nanoparticles by spray flame pyrolysis. They studied the effect of feed flow on the particle size
and flame length and observed that with increasing the feed flow, the flame becomes lo (;bﬂ
thicker, and the nanoparticle size decreases. Patey et al. [24] investigated the effect' ant
solution flow rate and the carrier gas flow rate on the size and crystallinity of LiM
nanoparticles produced by spray flame pyrolysis. The effect of fuel flow rate on )%Verage size
distribution of crystals in the production of LiMn2O4 particles by flame spra sis of the
aqueous solution has been investigated by Yi et al. [25]. Choi et al. Stu w& odified
LiMn204 nanoparticles by FASP and the effect of the modifier Lithiur@ oxide (Li2O-
2B,03) on the particle and crystal size [26]. Saadatkhah et al. [2] pr LiMn20Oy4 particles
from reactants Mn(NO3)2-4H-0, Li.COs3, LiNO3z, and Mn(CHs@ 20, by FASP. They
found that droplets evaporated more slowly on acetate and ca%e reactants due to higher
decomposition temperatures than on the nitrate reactants, w, used the particles to shrink
and wrinkle. However, in the case of the nitrate reactant Qﬁ the low decomposition

temperature, the droplets evaporate faster and porous p

investigated the effect of spray droplet size on the icle size of yttrium oxide (Y203) produced
in an FSP reactor. They reported that if the drapldts of the reactant solution were large and the
flame temperature was low, the particles W% ollow and large. If the flame temperature
were high, particles with a wide size distributi ould be obtained. If the droplet size is small

and the flame temperature is low, large particles are produced by the droplet-to-particle
mechanism. If the flame tempera@ , tiny particles are produced by the gas-to-particle

igles are obtained. Abram et al. [16]

mechanism. The concentration of actant solution has an insignificant effect on the particle
size if droplet sizes to be smalhand flame temperature is low. Aboulouard et al. [27] compared
the photovoltaic performanc lar cells made of titanium oxide nanoparticles (TiO3)
synthesized by the FSP m with solar cells made of titanium oxide nanoparticles synthesized
by the thermal gel methed.Zhang et al. Produced LiNio.8C00.15Al0.0502 (NCA) cathodic powders
using FASP and sp ryer using glycerol solvent. The results showed that the particles
produced by FA e smaller in size and smoother surface [28]. Madero et al. [29] Proposed a
low-tempera t0 produce Li1.2Mno54Ni0.13C00.1302. In this method, the solvent was a
mixture of and ethanol, which also acted as fuel. Investigating the effect of ethanol
percentage ig mixture with water on the electrochemical properties of particles showed that the

bes%?;s are obtained in 25% by weight of ethanol.
Flameg synthesis holds promise for producing catalysts with controlled structures. Minegishi et al.
[30] have synthesized Pt/CeO: nanoparticles using FASP at varying flame temperatures and
evaluated for CO oxidation. The catalysts exhibited a bimodal structure, with both large CeO-
particles (~100 nm) and smaller ones (<10 nm) hosting highly dispersed Pt clusters. Higher
flame temperatures improved the BET surface area, Pt dispersion, and catalytic performance,
reducing the temperature for complete CO conversion from 513 K to 378 K. Additionally,
FASP-synthesized catalysts showed superior thermal stability and performance compared to
those prepared by conventional methods, highlighting the promise of FASP for advanced catalyst



development. Chen et al. [31] investigated Ni-doped nano-Fe/Ce oxygen carriers (OCs)
synthesized via flame spray pyrolysis (FSP) for chemical looping dry reforming of methane (CL-
DRM). Thermodynamic analysis shows that Fe:Os is reduced to Fes;O4 and Fe during reactions
with CHa, while CO: reoxidizes Fe. Experimental results reveal that an OC with a Ni/Fe molar
ratio of 2/98 achieves over 30% CHa conversion, 90% CO selectivity, and stable cyclic
performance. The FSP process enhances Ni dispersion and forms stable NiCe and NiFe alloys,
while the transformation of Fe oxides and CeO: into CeFeOs improves lattice oxygen availability
and stability. These findings demonstrate the potential of FSP-synthesized OCs for efficient«CL -
DRM. This work highlights the importance of advanced synthesis techniques in developi rg&h
performance oxygen carriers for sustainable energy applications. The irrational use®© ibiotics
has prompted the need for effective wastewater treatment methods. A recent study, &}oyed
one-step FSP to synthesize BisT1:012/Ti02 heterostructures, forming a "Z-type" l@]unction
that enhances charge separation and electron transfer [32]. This material achi@ 1%
tetracycline removal under simulated sunlight for 75 minutes at 1V, demo g excellent

reusability and stability. Free radical trapping experiments highlighted t role of hydroxyl
radicals and holes in degradation. These results highlight the potential of FSP-synthesized
heterostructures for efficient pollutant removal [32]. o

The study of scientific sources shows that one of the most allenges related to particle

production in the aerosol process, especially the flame
sufficient data for the design and industrialization of the r
and economical production of the product. Anotherema ttleneck in this process is identifying
particle formation mechanisms in the reactor to ¢ and improve the final properties of the
product. Reaction temperature, a saturation o%Ee eattant solution and residence time of particles

hed, is the lack of necessary and
Ywith the aim of commercialization

are other critical parameters in the producti ess and the mechanism of particle formation in
the flame. Given the importance of using renewgable energy sources in preventing global warming,
the pivotal role of storing energy prod from renewable sources becomes clear. Rechargeable
lithium-ion batteries are one of thg bgst options for energy storage and an integral part of our daily
lives. One of the main componen @ th€se batteries is the spinel of lithium manganese oxide
(LiMn204). The entry and exit\ef ions into the spinel structure are possible without any change in
the spinel's shape, crystallinit @. d volume. The electrochemical performance of these particles is

affected by the purity, cr Inity, and particle size. Therefore, for the commercial production of
these particles, it is neégsSary to develop processes with two capabilities: good controlling the
particle properties cale-up. In this research, a flame-assisted spray pyrolysis reactor was

manganese S@

Materials apd Methods
LiN n(NO3)2-4H:20 (Scharlau, Spain) were used as reagents. City gas, the composition of which is
give

fabricated and u@ tudy the effect of various operational variables on the synthesis of lithium
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Figure 1: Schematic of flame-assisted spray pyrolysis react s

1- Ultrasonic spraying system, 2-Quartz cylindrical rea a length of 600mm and a
diameter of 80mm, 3-Torch with triple inlet, 4- ProK ection system including filter, 5-Fuel

(city gas), 6 -Carrier gas (air), 7-Oxidizing agent m

Figure 2: Schematic of reactant solution spr,
1-Ultrasonic misting, 2- Carrier gas (air), 3- S nozzle with an inner diameter of 4 mm and an

outer diameter of 20 mm

60 nm, 4- Filter holder with er diameter of 60 nm and an outer diameter of 100 nm, 5- Gas
flow output

Figure 4: TGA dlar pure LINO3z and Mn(NOs)..4H20 Figure 5: TGA diagram of the

Figure 3: Schematic of the partm@ct n system
1-Gas flow inlet, 2- Metal filzwith diameter of 60 nm, 3- Fiberglass filter with a diameter of

stoichiometric mix @u LiNO3z and Mn(NO3)2.4H20
Figure 6: D|ffz pattern of samples in different ratios of air to fuel at a concentration of 2M

Flgure 7: tion pattern of samples in different ratios of air-to-fuel at a concentration of 1.1

Fig%cattering pattern of samples in different ratios of air-to-fuel at a concentration of 0.2
M

Table 1: City gas Composition

Table 2: Levels and variables selected for experiment design

Table 3: Experimental design recommended by the response surface methodology
Table 4: Flame temperature and height for different ratios of airflow to fuel flow
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Table 5: Product production efficiency for the tests in Table 2
Table 6: Results of variance test for yield
Table 7: Results of variance test for average particle size
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Table 8 was used as fuel, air as the oxidizer and carrier gas, onized water as solvent.

Figure 1 shows the schematic diagram of the experim tup used in this research. First, the
reactant solution is converted into ultra-fine dropf Itrasonic misting. Then, airflow, the
carrier gas, injects droplets into the flame throu egfay nozzle. The flow meters measure the
inlet currents to the reactor, including fuel, fzing gas and carrier gas). The test procedure
is summarized below. By dissolving LiNO3 n(NO3)2.4H20 (with a molar ratio of lithium to
the manganese of 1:2) in ion-free water, a4eactive solution of the desired concentration is prepared.
The solution is reduced to very fine M%ts by ultrasonic misting and is sprayed into the initial
part of the flame by an air streammr s) with a constant flow of 10 ml/min through the spray
nozzle (Figure ). A solenoid valve cits’off the fuel flow when the flame is extinguished. The filters
installed outside the reactor i as flow path, Figure , collect the generated particles. A cyclone
is placed in the gas flow er the filter to increase yield. Further investigation is needed to
identify and quantify lgss hanisms such as wall deposition and gas-phase nucleation leading
to filter bypass. Fut Kprovements could include optimizing reactor geometry, using cyclone
separators more ely, and modifying the flame configuration to reduce particle loss.

The hot gas stre aving the reactor is dehumidified by passing through the cold-water chamber
and then pasq% rough the silica gel chamber and entering the vacuum pump. The particles are
washed t es with ethanol and three times with distilled water and dried in a dryer for 24
houg at . The dried particles are put in a furnace for 5 hours at a temperature of 600°C at a

heat e of 2°C/min to increase the crystallinity of LiMn20O4 crystals and remove impurities.
One lymitation of using nitrate-based precursors in the FASP method is the generation of nitrogen
oxides (NOx), such as NO and NO>, during pyrolysis. These emissions can pose environmental
and operational challenges, potentially affecting reaction stability and product purity. Future work
may explore the use of alternative, more environmentally benign precursors, such as acetates or
carbonates, which decompose at higher temperatures and produce fewer gaseous byproducts.
Incorporating a post-flame gas scrubbing or catalytic reduction step can also help mitigate NOx
emissions in large-scale applications.



Design of experiments

The experiments were designed using the response level method and the central composite design
(CCD) mode using the Design-Expert software. The air flow rate to fuel flow rate ratio and the
concentration of the reactant solution were selected as independent parameters. In these
experiments, the responses were average particle size and product separation efficiency.
Preliminary experiments showed the flame was stable at an air flow rate of 1 cubic meter pershour
and fuel flow rates between 80 and 150 liters per hour. Therefore, air flow rate to fuel te
ratios were selected at three levels of 6.5, 9.5 and 12.5. Furthermore, the leye r the
concentration of the reactant solution were selected at 0.2, 1.1, and 2 M. Tab ows the
variables and levels selected in the experiment design. According to the selecte@meters and
levels, the response level method offered ten experiments according to Tabl% cluding eight
experiments related to factorial levels and two experiments related to tj\(tr point.

Characterization °

An X-ray diffraction device (model D8-ADVANCE, Bruk ny) was used to study the
structure and identify the crystalline phases in the produc icles. The average size of the
crystals was estimated using the Scherrer equation. T composition temperature of the
reactants, their mixture, and the formation temperat LiMn2O4 was examined by TGA,
thermal gravimetric analysis (Rheometric scientific . Also, the appropriate temperature for
the calcination of the particles was determined (by )TGA. All TGA tests were conducted at a
temperature ramp of 10°C/min. Dynamic ering device (HORIBA SZ-100 model) was
also applied to study the average particle dia r. Although SEM images were not obtained in
the current work, future studies will incfude SEM and TEM analysis for direct visualization of
morphology and microstructural fea

Results
Examine the operating cong
Table 11 shows the temp

itigns of the reactor

g-and flame height in different ratios of airflow to fuel flow. As can
be seen, the flame Ier)% an inverse function of the air-to-fuel ratio, and the flame length
decreases as this ratigMcreases. While with the rise of air-to-fuel ratio, the flame temperature first
has an upward t@ﬂ a downward one.

Thermal e%position of reactants and the reaction mechanism
The%( esses for the production of LiMn2O4 particles in a spray flame reactor consist of three
stag , 34]:

Loss of crystallization water

B. Decomposition of reactants into metal oxides

C. The reaction between metal oxides
To determine the mechanism of LiMn2O4 synthesis and identify the thermal decomposition
reactions in the spray flame reactor, the thermal decomposition of pure reactants and a
stoichiometric liquid mixture, with a molar ratio of lithium to manganese equal to 0.5, were studied
by TGA. Figure and Figure show the TGA results for pure reactants and the stoichiometric
mixture, respectively.



Egs 1 to 4 show the product formation mechanism in the flame process according to the results
of Figure 4.

Mn(NO;),-4H,0 — Mn(NO,),+ 4H,0 1)
4Mn(NO;), — 2Mn,0, + 8NO + O, (2)
Mn,0, — Mn,O, + 20, @3)
2Mn,0, - 4MnO + O, '& 4)
Figure shows that the Mn(NO3)2.4H20 at 120°C loses 30% of its mass due tg evaporation

ecreases with a

(Eq 1). Then, with increasing temperature from 120°C to about 180°C, the
steep slope of 55%, related to the formation of Mn.O7 (Eq 2). More massgedugction can be observed
by increasing the temperature. At a temperature of nearly 230°C it reacheS\30% of its initial mass,
which is related to the formation of Mn2Os (Eq 3). From 230°C to-about 500°C, the mass of the
substance does not change. At a temperature of about 500°C, ﬂ&e of the material decreases
with a gentle slope. Finally, it reaches 28% of its initial valug{reldted to MnO formation (Eq 4).
With the increasing temperature up to 900°C, no change i ass of the material is observed.
Also, according to this figure, the thermal decompositio &s of LiNOg, given by Eq 5, begins
at 600°C and ends at 700°C with conversion to LizO&@oy mass).

ALINO, - 2Li,0 + 4NO, + O, % C) (5)
ut

Figure shows LiMn2Og4 is formed at a 0°C, begins to decompose at about 800°C, and
converts to manganese oxides at 85 iven by Eq 6. Similar results have been reported by
Saadatkhah et al. [33] and Berbermifettl. [35].

3LiMn,0, —> Mn,0, + 3Lih@« 0, (6)

Considering the tempe% ange of the flame in the studied reactor and the temperature range of
LiMn204 formatio re , it can be concluded that the formation of LiMn.O4 takes place
according to Eq

8MnO +é@ + 30, —» 4LiMn,04 (7)
Co ipg Figure and 5 shows that the decomposition temperature of LiNOs in the mixture of
reactants is about 220°C lower than the decomposition temperature in pure form. As Zhang et al.
[3] mentioned, the reason for this could be the catalytic traits of manganese oxides produced in
pyrolysis reactions.

Yield
Yield is defined as the mass ratio of the filtrate to the mass of the product expected from Eq 8.

2LINO, + 4Mn(NO,), - 2LiMn,0, + 2NO, + 8NO + 50, (8)

8



All experiments were performed in 45 minutes, and the results are presented in Table 12. The
reasons for low yield can be particles sticking to the reactor wall, incomplete reactions, and side
reactions. It should be noted that the collected product is not pure, and it is necessary to consider
the results of X-ray diffraction tests before analyzing the given data in this table.
Additional researches are required to identify and measure loss mechanisms, such as wall
deposition and gas-phase nucleation, which can result in filter bypass. Potential advancements
could involve refining reactor geometry, enhancing the efficiency of cyclone separatorsgpand
adjusting the flame configuration to minimize particle loss. ‘sb'

Crystal structure of particles Q
r

In addition to the mean particle size, the size distribution was analyzed usin oader
distributions were observed at lower reactant concentrations, indicatingde rm nucleation.
Narrower distributions correlated with higher crystallinity, supporting th&inffuence of flame
temperature and residence time. Uneven particle size can lead to ir?ﬁar lectrochemical

un

behavior in batteries and will be addressed in future work. o

Figure shows XRD results of produced particles from a 2M ion solution with different air-
to-fuel ratios. The figure shows the samples have a crystallige’structure, and the position of the
peaks in samples 1 (ratio 12.5) and 6 (ratio 9.5) correspo standard sample, which indicates
the crystal formation of the material (LiMn2O4). Neveftheless, in sample 1, there is evidence for
impurities related to the formation of the crystallin of Mn20z. In sample 6, LMO crystalline
phases are consistent with the main spinel peaks (f LiMn.O4 (plates (111), (311) and (400)) and
the space group Fd3m, which indicates %maﬁon of the LMO phase and the absence of
impurities. Sample 7 (the ratio of 6.5) and the-standard sample are compatible only at an angle of
18.6°, and Mn20Os is the significant p ct, leading to the disappearance of LiMn2O4 crystal.
According to Table 12, experiment 8gIn the air-to-fuel ratio of 6.5 and a 1.1M reactant solution,
has the highest yield. In contrwh same concentration of reactant solution, the lowest
efficiency is related to experiment (9) with a ratio of 12.5. For the 2M solution, the highest and
lowest yields belong to the ratio ®f 6.5 and 9.5, respectively. However, the difference in yield for
the ratio of 12.5 is not m different from the ratio of 9.5. This trend can be explained by the
flame temperature and idence time of the particles. At a ratio of 12.5, due to the short flame
height, in Table 11 production reactions of LiMn2O4 are not complete. However, at the ratio
of 6.5, the reacti s expected to be slower than at other ratios due to lower flame temperature.
Therefore, th ible’chemical reactions are incomplete, and more by-products are produced. In
Experime @ue to the high temperature of the flame (950°C) compared to the other two
experimeé evaporation, decomposition, and chemical reactions have more chance to be
co t results in to increase in the crystallinity of LiMn2Oas. In Experiment 1, due to the
Iowegfuzl flow rate than in Experiment 6, the residence time of the particles inside the reactor is
longer. In this case, further decomposition and oxidation reactions are possible, and particles with
higher purity and crystallinity can be produced. However, due to the short flame length (8cm) and
also the lower flame temperature (850°C) compared to experiment 6, despite the more extended
residence, since the particles are exposed to flame for less time, the crystallinity of the product
decreased compared to sample 6. The residence time of the particles inside the reactor is the
shortest in experiment 7 due to the high fuel flow. However, the particles expose more to the flame
due to the high flame height (20cm). Therefore, higher reaction progress and consequently purer



and more crystalline product is expected. However, the results indicate that the low flame
temperature (620°C) overcame its long length and has resulted in incomplete reactions, despite the
long residence time of the particles in the flame. In this case, LiMn2O4 crystals do not form.
Another reason could be the inadequate oxygen for the oxidation reactions required to form
LiMn20a.

Figure shows XRD results for a 1.1M reactant solution. The figure shows that in sample
10 (air-to-fuel ratio 9.5), the crystallinity of LiMn2O4 particles has increased, and in samp
6.5), LiMn20O4 spinel has not formed. Figure shows the effect of the air-to- fud n the

formation of LiMn2Og4 particles for a 0.2M reactant solution, where LiMn2O4 spinel tformed
except in sample 4 (ratio 9.5).

Overall, it can be concluded that high flame temperature completes the | reactions in
the flame and leads to the formation of LiMn20O4 spinel and increase 4ts grystallinity. In a low-

temperature flame, reactions are incomplete or unwanted side reaction r, leading to the no
formation of a LiMn20O4 spinel.

[ J
Also, to determine the average particle size, produced partlcl @lspersed in distilled water
by an ultrasonic mist, and a dynamic light scattering analyz ured their diameter. The results
of the mean particle diameter size, Dy, are given in Ta @'ample 5 (concentration 0.2M and
ratio 12.5) and sample 7 (concentration 2M and ratlo ave the smallest and highest mean
particle sizes.

Analysis of experiments by Response surf%%jology (RSM)

The effect of influential factors on systemetesponses (average particle size and yield) is
investigated, and the proposed model and kesponse Surface diagrams resulting from Design Expert
software are analyzed. The results,ar. in Table 13. The F value of the model is 43.80, which
shows that the model presented ith a correlation coefficient of 0.98, is significant and

can well describe the system'@awor
Yield —1336+4805 29 A + 0.09 AB — 18.96 B> + 0.13 A2 9)

The value of F for @' fit is 9.91, which indicates the appropriateness of the chosen model.
t

Also, the result al composite design variance for the average particle size produced are
shown in T g 10 shows the linear model provided by Design-Expert software for
predictin Iculating the average particle size. The adequate precision (signal to noise ratio)
is 18.5, a@we correlation coefficient is 0.93, which indicates that the model can be used well in

the ?grea.
Mean Size = 341.94 + 9926 B — 13.06 A (10)

Conclusion

This study demonstrates an innovative approach using a premixed flame-assisted spray pyrolysis
reactor, allowing enhanced control over particle properties and potential scalability.
Although this study focused on optimizing synthesis conditions and material characterization,
future work will evaluate the electrochemical properties of the produced LiMn.O. particles,

10



including capacity, cycling performance, and rate capability, to assess their suitability for battery
applications. Lithium manganese oxide particles, LiMn2Os, were produced from an aqueous
solution including metal salts LINOs and Mn(NOz3)2:4H.0 by a premixed flame-assisted spray
pyrolysis reactor. According to TGA, Lithium manganese oxide is formed in the temperature range
of 480°C to 800 °C and decomposes at 850°C. The significant impurity even after thermal
decomposition is Mn2Oz. LiMn2O4 crystals have a higher crystallinity at an air-to-fuel ratio of 9.5.
A more concentrated reactant solution leads to a product with higher crystallinity. The highest
purity of the LiMn20O4 crystalline phase occurs at an air-to-fuel ratio of 9.5 and a reactant splytion
concentration of 2M. As the flame length, reagent concentration and residence time inc mwe
average particle size in the final product increases. In general, the interactions betwe e two
parameters of the air-to-fuel ratio, which controls the temperature and residence ti a&particles
in the flame, and the concentration of the reactant solution, determine the crys%(y and final
particle size. According to the analysis of variance achieved by Design-l:'@jt software, the
concentration of the reactant solution has the most significant effect og the, average particle size
and vyield. A linear model describes the product's particle size with cOgelation coefficients of
0.9266, and a binomial model with correlation coefficients of 0.982(bd§sc bes the yield.
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Figure 1: Schematic of flame-assisted spray pyrolysis reactor 55@

1- Ultrasonic spraying system, 2-Quartz cylindrical reactor wdtiw [ength of 600mm and a
diameter of 80mm, 3-Torch with triple inlet, 4-Product co@n system including filter, 5-Fuel
(city gas), 6 -Carrier gas (air), 7-Oxidizing agent (air) @

Figure 2: Schematic of reactant solution spray sy

1-Ultrasonic misting, 2- Carrier gas (air), 34S zzle with an inner diameter of 4 mm and an
outer diameter of 20 mm

Figure 3: Schematic of the particle collection system
1-Gas flow inlet, 2- Metal filter ia eter of 60 nm, 3- Fiberglass filter with a diameter of
nn

60 nm, 4- Filter holder with erdiameter of 60 nm and an outer diameter of 100 nm, 5- Gas
flow output 66

Figure 4: TGA diagrams ure LiINO3z and Mn(NOz3)2.4H0 Figure 5: TGA diagram of the
stoichiometric mixture Oz and Mn(NO3)2.4H20

Figure 6: Diffracti tern of samples in different ratios of air to fuel at a concentration of 2M

Figure 7: Dif@) ion pattern of samples in different ratios of air-to-fuel at a concentration of 1.1
M

Figure 8:'8edttering pattern of samples in different ratios of air-to-fuel at a concentration of 0.2
M § ’/77

Table 1: City gas Composition

Table 2: Levels and variables selected for experiment design

Table 3: Experimental design recommended by the response surface methodology
Table 4: Flame temperature and height for different ratios of airflow to fuel flow
Table 5: Product production efficiency for the tests in Table 2

14



Table 6: Results of variance test for yield
Table 7: Results of variance test for average particle size

>
x,@*

Table 8: City gas Compositich (b'

Component  Concentration it )"
H.S <1

mol%

Figure 1: Schematic of flame-assisted spray pyrolysis reactor setup
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1- Ultrasonic spraying system, 2-Quartz cylindrical reactor with a length of 600mm and a
diameter of 80mm, 3-Torch with triple inlet, 4-Product collection system including filter, 5-Fuel
(city gas), 6 -Carrier gas (air), 7-Oxidizing agent (air)

Figure 2: Schematic of reactant solutior@system

1-Ultrasonic misting, 2- Carrier gas (air), 3- Spray nozzle inner diameter of 4 mm and an

outer diameter of 2

[ J
Q)] /'N & )
(3) (2) A
i “\\ ‘»?
: ! \E\E@\ (&
Figure 3: ticof the particle collection system
1-Gas flow inlet, 2- Metal filter w diameter of 60 nm, 3- Fiberglass filter with a diameter of
60 nm, 4- Filter holder with gANpner diameter of 60 nm and an outer diameter of 100 nm, 5- Gas
flow output

X

9: Levels and variables selected for experiment design
Vo 4
riable

A levels
) -1 0 +1
»Concentration of the reactant solution (M) 02 11 2

C) Air flow rate to fuel flow rate ratios (vol/vol) 65 95 125

; Table 10: Experimental design recommended by the response surface methodology

Experiments Air flow rgte to fuel flow Concentration of the reactant
rate ratios (vol/vol) solution (M)
1 125 2
2 9.5 1.1
3 6.5 0.2
4 9.5 0.2
5 125 0.2
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6 9.5 2
7 6.5 2
8 6.5 11
9 125 11
10 9.5 11

Table 11: Flame temperature and height for different ratios of airflow to fuel flow

Air flow rate to fuel flow rate ratios (vol/vol)  Flame length (cm)  Flame temperature (°C)
6.5 20 620 Vad
95 12 950 °, \_/

= 8 850 &
B T »&(b‘

Mn(NO;), 4H,0

0 100 200 300 400 500 600 700 800 %00

Temperature (°C)

Figure 4: TGA diagrams f6r pug&iNO3 and Mn(NO3)2.4H,0

X =

0
0 100 200 300 400 SO0 600 700 800 900 1000
@ Temperature (°C)

Figure@'GA diagram of the stoichiometric mixture of LINO3 and Mn(NO3)2.4H20

Yy

Table 12: Product production efficiency for the tests in Table 2

Air flow rate to fuel flow Average particle size” (nm)

i i ield (¢ d,
Experiments rate ratios (vol/vol) Concentration (M)  Yield (%) D, = Zznf,

1 12.5 2 16 370

2 9.5 11 24 362

3 6.5 0.2 5 257
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4 9.5 0.2 3 216
5 125 0.2 2 210
6 9.5 2 15 413
7 6.5 2 18 436
8 6.5 11 30 386
9 125 11 21 264
10 9.5 11 25 357

*n; represents the number of particles in diameter d;

® m LiMn20s (JCPDS NO. 35-0782)
© Mn20s (JCPDS NO. 41-1442)
A/F=Air-to-Fuel ratio

Intensity (Counts)

° | | | | =
A/F=125 - - o ol

0 10 20 30 40 50 60 70 80 90
20 (deg)

A ¢
Figure 6: Diffraction pattern of samplqgﬁq different ratios of air to fuel at a concentration of 2M

* m LiMn20+ (JCPDS NO. 35-0782)
® Mn20s (JCPDS NO. 41-1442)
A/F=Air-to-Fuel ratio

Intensity (Counts)

0 10 20 30 40 50 60 70 80 920
20 (deg)
Figure 7: Diffraction pattern of samples in different ratios of air-to-fuel at a concentration of 1.1
M
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Intensity (Counts)

m LiMnz0s (JCPDS NO. 35-0782)
 Mn20Os (JCPDS NO. 41-1442)
A/F=Air-to-Fuel ratio

10

Figure 8: Scattering pattern of samples in different ratios of air-to-fu

20 30 40

20 (deg)

M

ejﬁ(@ entration of 0.2

Table 13: Results of varianc r yield
Source Sum of squares  df  Mean squase -Value  P-value
Model 481.53 5 168.31 /N, 743.80 0.0014 Significant
A 253.50 1 25350 ) 7 65.98  0.0012
B~ 32.67 1 (326" 850 0.0434
AB 0.25 1 -2y 0.065  0.8112
A? 550.30 1 . 550730 14322 0.0003
B2 3.05 1\ 3.05 0.79 0.4235
Residual 1537 o 4 \ 384
Lack of Fit 1487 N[ 3) ¢ 496 9.91 0.2284  Not Significant
Pure Error 054, T 0.50

* concentration of the re%olution (M)

** air-to-fuel ratio (\(@/Y

4: Results of variance test for average particle size
Source ey of squares df Meansquare F-value  P-value
Model _ () 57086.8 2 28543 .4 44.16 0.0001 Significant
A" (T 478826 1 47882.6 7409  <0.0001
Bre W’ 9204.1 1 9204.1 14.24 0.0069
Régiddal 4224.0 7 646.3
mkack of Fit 45115 6 751.9 60.15 0.0984  Not Significant
Pure Error 12.50 1 12.50
* concentration of the reactant solution (M)

* air-to-fuel ratio (vol/vol)
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