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Abstract: The paper presents the results of a detailed study of the process and products of combustion during self-

propagating high-temperature synthesis (SHS) of ZnO zinc oxide powder from mixtures of such common reagents as oxi-

dizer zinc nitrate and reducing agent (fuel) glycine, as well as the application of synthesized highly dispersed submicron 

and nanosized ZnO powder for the phenol photocatalytic decomposition under the action of ultraviolet irradiation.  

An aqueous solution of a mixture of reagents (the SHS-S process or Solution Combustion Synthesis – SCS) and the gel 

from a mixture of initial dry reagents formed when they were moistened due to hygroscopicity (the SHS-G process or Gel 

Combustion Synthesis – GCS) were combusted. The authors studied the phase and chemical compositions, the structure  

of the combustion product, and the effect of calcination in an oxidizing air medium and grinding in drum ball and planetary-

centrifugal mills, as well as in mortar, on them and their photocatalythic activity. The study showed that calcination consider-

ably increases the photocatalytic activity of combustion products due to a significant decrease in carbon impurity in the un-

burned fuel remains, and grinding in mills reduces the photocatalytic activity due to iron contamination and coarsening of 

ZnO particle agglomerates. The difference between the photocatalytic activity of the SHS-G and SHS-S products in the phe-

nol decomposition is evident only at the initial stage of ultraviolet irradiation, after which this difference disappears.  

The authors discuss the direction of further research to increase significantly the photocatalytic activity of zinc oxide synthe-

sized during combustion to use it effectively for the phenol decomposition under the action of visible light.  

Keywords: highly dispersed zinc oxide powder; zinc oxide; zinc nitrate and glycine mixture; photocatalytic phenol  

decomposition; combustion; self-propagating high-temperature synthesis; ZnO. 
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INTRODUCTION 

Recently, the problem of wastewater pollution and puri-

fication from such a highly toxic organic compound as phe-

nol C6H5OH and its derivatives has become particularly 

acute [1]. Among various methods of water purification 

from this pollutant, the most effective and environmentally 

friendly is the use of photocatalysts – materials decompos-

ing organic pollutants under the action of electromagnetic 

radiation (visible or ultraviolet light), without the formation 

of residual toxic compounds. Highly dispersed nanosized 

and submicron powder of zinc oxide ZnO is considered one 

of the most promising, in application, as a heterogeneous 

photocatalytic material for the degradation of organic pollu-

tants [2–4]. 

There are quite a few methods for synthesis of ZnO-

based nanomaterials, which can be divided into two groups: 

solution and gas-phase [3; 4]. Gas-phase methods are com-

plex, implemented on expensive equipment, energy-

intensive, and inefficient. Simpler and less energy intensive 

solution methods make it possible to effectively control  
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the composition, morphology, and size of synthesized ZnO 

nanopowders using such factors as the type of solvent, 

composition of re-agents, and synthesis conditions. How- 

ever, both types of methods are characterized by low 

productivity, which prevents the organization on their basis 

of industrial production of nanostructured ZnO 

photocatalysts for wastewater purification. 

The method of solution self-propagating high-tempe-

rature synthesis (SHS) of oxides in the combustion mode 

differs noticeably from the methods listed above, in its sim-

plicity, energy saving, and high productivity, which makes 

it attractive for creating technologies, for the industrial pro-

duction of various low-budget oxide nanomaterials for 

manifold uses [5–7]. The method of solution SHS (SHS-S) 

is based on the combustion of a mixture of dissolved, most 

often in water, re-agents of exothermic redox reactions or 

on the combustion of a gel from a mixture of dry re-agents 

(SHS-G), therefore it is also called synthesis during solu-

tion combustion (Solution Combustion Synthesis – SCS) or 

synthesis during gel combustion (Gel Combustion Synthe-

sis – GCS). 

A gel from a mixture of re-agents is formed, both in  

the SHS-S process from a mixture of aqueous solutions of 

re-agents after solvent evaporation, and in the SHS-G pro-

cess when mixing dry re-agents, which is accompanied by 

their spontaneous moistening from the ambient air due to 

hygroscopicity. Thus, in both cases, the oxide nanopowder 

synthesis occurs during gel combustion. There are studies 

on the possibility of obtaining ZnO during the combustion 

of gels, but they do not describe the process and combus-

tion products in sufficient detail, which makes it difficult to 

choose them for reasonable practical application [8–10]. 

This work [11] presents the results of a detailed study of 

the SHS-S process of zinc oxide ZnO nanopowder from  

a solution of a mixture of such common re-agents as  

the oxidizing agent zinc nitrate Zn(NO3)2 and the reducing 

agent (fuel) glycine C2H5NO2, as well as the use of synthe-

sized ZnO for the phenol photocatalytic decomposition. Let 

us present the results of this study in more detail, since this 

work is a continuation of [11]. 

The results of these experimental studies [11] demon-

strate that when heating a vessel with an aqueous solution 

of zinc nitrate and glycine re-agents at h=6.5 mm and 

TS=460 °C, after water evaporation and gel formation  

(on average for 8 min at 0.5≤φ≤1.5), the reaction proceeds 

in the mode of rapid (≤3 s), overall combustion with a yel-

low flame and a sudden, almost complete release of  

the reaction mixture and milky reaction products in the form 

of thick white smoke (pure ZnO is white) from the vessel. 

This is clearly illustrated in Fig. 1 by the close to zero va-

lues of the product mass conservation coefficient KM(φ) in 

the range of 0.5≤φ≤1.5 obtained as a result of three experi-

ments for each value of the criterion φ. 

Fig. 1 shows that the combustion characteristic values 

obtained in three experiments for the same criterion φ value 

can differ significantly from each other, that is, they have  

a large spread. With a reduced fuel content φ=0.25, the re-

action proceeds in a flameless mode with a rapid release of 

red smoke for 2–5 s and a partial emission of a light-green 

product. When φ>1.5, the combustion and product appear-

ance change. When increasing φ, a transition to synthesis in 

the mode of progressively slower smoldering (up to 3 min 

in average) occurs, the color of the loose product changes 

from grey with an admixture of white to black, with an ad-

mixture of white. At φ=2.5 and more, the color becomes 

completely black, and the product mass conservation coef-

ficient KM at φ>2 becomes even greater than one. 

According to [11], at 0.5≤φ≤1.5, the SHS-S reaction 

proceeds in the most intense explosive mode, due to  

the closeness to the optimal ratio of fuel and oxidizer at φ=1

 

 

 

 

 

Fig. 1. The dependence of the product mass conservation coefficient Km on the value of the criterion φ  

at the combustion of the solution of re-agents [11, p. 932]. The numbers on the lines indicate the numbers of experiments 
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with a sudden, almost complete release of the product from 

the reaction vessel. At φ˂0.5 and at φ>1.5, the initial mix-

ture of re-agents in the solution contains an excess of oxi-

dizer or fuel, respectively, and the reaction of solution SHS 

of zinc oxide proceeds in a quieter mode without a sudden 

release of the product from the vessel, especially at φ≥2. 

In this range of φ values, changes in the product colour 

and mass are explained by the fact that at φ>1.5, the mix-

ture of re-agents becomes fuel-rich, it lacks internal oxygen 

in the mixture of re-agents and external oxygen from  

the ambient air for complete oxidizing of carbon in the fuel, 

and its removal from the combustion product in the form of 

CO2. The combustion product, along with pure white ZnO, 

contains an increasing amount of black free carbon and 

unburned fuel residues; at φ>2, its color is completely 

black, and the mass exceeds the theoretical yield of ZnO, 

and therefore the KM coefficient becomes greater than one 

[11]. In this case, for the reaction to proceed throughout  

the entire volume of the mixture of re-agents, it is necessary 

to stir constantly this mixture during smoldering. Following 

these results, one can conclude that the value φ=2 is  

the most suitable for practical use; with this value, there is 

no explosive combustion with the release of the product 

from the vessel, observed at lower φ, and intense smolder-

ing in about 8 s leads to the formation of an easily de-

structible powder with its retention in a vessel without  

the need for constant stirring to complete the synthesis reac-

tion, which is required when φ>2. 

Fig. 2 shows the combustion product microstructure for 

φ=2 in the form of a frozen foamy mass with a large num-

ber of pores of various diameters and agglomerates of small 

nanosized and submicron ZnO particles [11]. 

In Fig. 2, an amorphous component is represented by 

foam due to the solidification of the gel-like residue in  

the combustion product. Such a residue is present as a con-

sequence of the formation of free carbon in amorphous 

form, and carbon bound with oxygen and hydrogen in un-

burned fuel residues, as shown in [12; 13]. 

The carbon content in the SHS-S product at φ=2 reaches 

almost 10 % in average [11]. When performing oxidative 

annealing (calcination) of the combustion product for 1 h  

at 650 °C in a muffle furnace with an air atmosphere,  

the carbon content decreases to an average of 1 %, and the cal-

cined synthesis product acquires a uniform structure of 

powder body of porous agglomerates up to 100 μm in size 

sintered from well-defined crystalline nanosized, and sub-

micron ZnO particles with an average crystallite size of 

40 nm. In the paper [11], nanostructured ZnO obtained for 

the first time by the solution SHS method was used as  

a photocatalyst for the phenol decomposition, in an 

aqueous solution under the action of electromagnetic 

radiation (ultraviolet and visible). In the calcined state, it 

showed high photocatalytic activity leading to near-

complete phenol decomposition in 3.5–4.5 h of ultravio-

let irradiation. However, under the action of visible light, 

the photocatalytic activity turned out to be significantly 

lower than under ultraviolet irradiation: after 5 h of irra-

diation with visible light, the phenol concentration de-

creased by only 10 % [11]. 

The work [11] did not study the grinding of the synthe-

sized zinc oxide (SHS-S product), and the effect of grinding 

on the photocatalytic activity in the phenol decomposition. 

Such a study is of definite interest because an increase in 

the specific surface area of a heterogeneous catalyst during 

its grinding usually improves the catalysis efficiency; there-

fore, much attention is paid to increasing the zinc oxide 

dispersion and the use of ZnO nanoparticles in 

photocatalysis [2–4]. Another type of the SHS process for 

zinc oxide has not been studied either, when burning not  

a solution of the initial re-agents (SHS-S), but a gel from 

the initial dry mixture of the same re-agents (SHS-G). This 

process is implemented simpler and quicker and can lead to 

the ZnO synthesis with a higher photocatalytic activity in 

the phenol decomposition. 

The aim of this study is to increase the photocatalytic 

activity of zinc oxide synthesized both by the SHS-S me-

thod when burning a solution of re-agents by grinding  

the combustion product in various ways, and by the SHS-G 

method by burning the gel from the initial dry mixture of 

the same re-agents. 

 

 

 

      

 

Fig. 2. Microstructure of the solution combustion product at different magnifications at φ=2 [11, p. 936] 
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METHODS 

For the experimental studies, the following re-agents 

were used: zinc nitrate 6-aqueous Zn(NO3)2∙6H2O produced 

according to GOST 5106-77, of analytical grade; glycine 

C2H5NO2 (GOST 5860-75, analytical grade); distilled water 

(GOST 6709-72); technical synthetic phenol (GOST 

23519-93, high grade). 

The equation for the ZnO synthesis reaction using  

the selected re-agents is written as [11]: 
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where the dimensionless φ criterion characterizes the molar 

ratio of fuel and oxidizer. 

At φ<1, the excess oxygen is released from the mixture 

of re-agents, and at φ>1, the oxygen required for the com-

plete oxidation of elements is consumed from the surround-

ing gaseous medium. (Note that anhydrous zinc nitrate ap-

pears in equation (1), since when the mixture of re-agents is 

heated, almost all free and bound water evaporates, and  

the synthesis reaction proceeds during the combustion of  

an almost anhydrous gel [7].) The φ value largely deter-

mines a combustion mode, as well as the combustion pro-

duct composition and structure. The experimental study of 

the combustion process and the combustion products was 

carried out with changing the values of the criterion φ in  

the range of 0.25≤φ≤3 with a step of 0.25. 

Mixtures of re-agents were heated in a flat-bottomed 

metal vessel on an electric heater with a power of 1 kW. 

The average temperature of the contact metal surface of the 

electric heater was TS=460 °C. When studying the SHS-S 

method, the volume of saturated aqueous solutions of mix-

tures of re-agents with V=25 ml and a height thickness of 

h=6.5 mm was used for heating. 

The solution heating led to the spontaneous onset of  

a chemical reaction with intense heat and gas evolution 

(self-ignition), culminating in combustion of various types: 

1) flameless combustion without the formation of luminous 

zones; 2) smoldering with the formation of focal and frontal 

luminous zones; 3) overall combustion with the formation 

of a flame. After the end of combustion, a loose or dense 

sinter of solid combustion products remained in the vessel, 

the mass of which depended on the combustion type. In-

tense combustion could lead to the release of a part of the 

reacting mixture and combustion products from the vessel, 

so that only a part of the combustion products remained in 

the vessel. In this regard, the authors calculated the product 

mass conservation coefficient KM as the ratio of the mass of 

the combustion product remained in the reaction vessel 

after the experiment, to the theoretical product mass calcu-

lated according to the reaction equation. Along with deter-

mining the combustion type and calculating the KM coeffi-

cient, the combustion time characteristics were determined: 

1) the delay time for the onset of combustion (ignition) 

from the start of heating; 2) the combustion duration.  

One should note that the specified time characteristics of 

combustion and the product mass conservation coefficient 

KM were first introduced when considering the solution 

SHS process and studied in our work [11]. 

When studying the SHS-G process, the authors used the 

masses of mixtures of dry re-agents corresponding to the 

mass of mixtures of re-agents in a saturated aqueous solu-

tion with a volume of V=25 ml at the corresponding φ va-

lue. Dry powders of the components – zinc nitrate and gly-

cine – were weighed and mixed manually in a mortar until 

visually homogeneous. During mixing, the mixture of pow-

ders was saturated with moisture from the air due to 

hygroscopicity to form a gel, which was placed in a metal 

flat-bottomed vessel for heating on an electric heater with  

a surface temperature of TS=460 °C. Heating led to sponta-

neous gel ignition, the occurrence of the SHS-G process in 

the form of combustion, and the formation of a combustion 

product – zinc oxide with impurities of products of incom-

plete combustion, mainly in the form of free and combined 

carbon. 

To remove impurities of free carbon and carbon bound 

with oxygen and hydrogen in the unburned fuel residues, 

the combustion product was subjected to calcination (oxi-

dizing burning) in the NAKAL PL 5/12.5 muffle furnace 

with an air atmosphere at a temperature of 500, 650, and 

750 °C during 1 h. 

X-ray diffraction (XRD) phase analysis of combustion 

products was carried out on an ARL X'TRA Thermo Fisher 

Scientific X-ray diffractometer. The microstructure and 

elemental chemical composition were studied using a JSM-

6390A scanning electron microscope (Jeol) with a JSM-

2200 energy dispersive spectroscopy (EDS) device.  

The size of coherent scattering regions (CSRs) was estimat-

ed using the Scherrer formula. 

Grinding of the solution SHS powdered product (SHS-S 

product) was carried out in three ways. The first method – 

in a drum ball mill (DBM) with a volume of 1 l and a drum 

rotation speed of 120 rpm, 1 kg of milling agents in  

the form of rollers with a diameter of 5 mm made of ШХ15 

steel and up to 7 g of grindable powder were loaded.  

The grinding time was 15, 30, and 60 min. The second me-

thod is grinding in an Activator-2SL planetary-centrifugal mill 

(PCM). Grinding balls with a diameter of 5 mm and a mass  

of 375 g made of ШХ15 steel and up to 7 g of grindable pow-

der were loaded into two drums with a volume of 270 ml 

each with an inner radius of 35 mm. The drums were mount-

ed on a planetary disk with a ratio of the radii of rotation of 

the disk and drums equal to 1.5, and ensured grinding at  

a centrifugal acceleration of 20 g. The powder grinding time 

in the PCM was 15, 30, and 45 s. The third way – the synthe-

sized powder was manually ground with a pestle in a ceramic 

mortar with a grinding time of 5, 10, and 15 min. 

The synthesized ZnO photocatalytic activity was studied 

by decomposition of phenol dissolved in 100 ml of water  

at a concentration of 1 mg/l. ZnO particles were dispersed 

in the solution in an amount of 1 g/l using a Sapphire UZV-

2.8 ultrasonic bath. The photocatalytic decomposition pro-

cess proceeded with constant stirring of the solution under 

the action of ultraviolet radiation with a wavelength of 

365 nm on a Lab 365 nm TL-D 18W BLB device from 

Philips. The concentration of phenol dissolved in water was 

determined by registering a characteristic fluorescent peak 

by the spectrofluorimetry method using a Shimadzu RF-

6000 device. (SHS-G and SHS-S products for comparative 

studies of their photocatalytic activity after synthesis or 

calcination were subjected to grinding during 10 min in  

a ceramic mortar.) 
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RESULTS  

SHS-S product grinding  

Fig. 3 shows the appearance of the ground non-calcined 

combustion product synthesized from a solution of zinc 

nitrate with glycine at φ=2 after grinding in a drum ball mill 

(60 min) and a mortar (15 min). 

Fig. 3 demonstrates that the appearance of the synthe-

sized combustion product at the end of grinding in a DBM 

and in a mortar vary notably. If in a ball mill the ground 

product sticks by a continuous layer on the grinding agents 

(steel rollers), and on the steel wall of the drum (Fig. 3 a), 

then in a ceramic mortar the sticking of the product is much 

less (Fig. 3 b). Significant sticking of the ground product 

was also noted during intensive grinding in a planetary mill. 

Such ground product sticking in the DBM and PCM takes  

a significant part of the product. After each grinding ses-

sion, it is necessary to clean and wash the drums and grind-

ing agents (rollers and balls) from sticky product, to dry 

them, which leads to great inconvenience. Moreover, when 

grinding in a DBM and PCM, the powder darkens, which 

indicates its possible contamination with the material of the 

grinding agents. With much simpler grinding in a mortar, 

there is practically no sticking of the powder, and it does 

not darken during grinding. 

The microstructure of the non-calcined combustion 

product ground by all three methods is represented in 

Fig. 4. The time of grinding in a mortar was 10 min, in 

DBM – 60 min, in PCM – 45 s. 

The microstructure of the powder ground by different 

ways also varies markedly (Fig. 4). After grinding in a mor-

tar (Fig. 4 a), the powder structure is quite homogeneous 

and consists of submicron agglomerates of smaller particles 

with a visually observed minimum size of 60 to 90 nm. 

After grinding in a ball mill (Fig. 4 b), the structure of  

the ground material is heterogeneous and consists of a mix-

ture of individual small particles with a visually observed 

minimum size of 70 to 140 nm and agglomerates, the size 

of which reaches 3 μm. 

Increasing the time of grinding in the DBM leads to a de-

crease in the number of individual small particles, and an 

increase in the number and size of particle agglomerates with 

an amorphous component between them. In a planetary mill, 

the ground material acquires a more heterogeneous structure 

(Fig. 4 c). There are practically no individual small particles 

with a minimum size of 150 to 250 nm, the powder consists 

of a pasty mass of micron-sized agglomerates with an amor-

phous component. Increasing the grinding time also leads to 

coarsening of the agglomerates. 

The phase composition of the non-calcined synthesis 

product ground by all three methods is shown in Fig. 5  

and in Table 1. 

A quantitative X-ray diffraction analysis, according to 

X-ray diffraction patterns (Fig. 5 and Table 1) of the ground 

non-calcined combustion product, shows the content of 

both carbon impurity from 2 to 10 % and a significant con-

tent of Fe2O3 iron oxide impurity: 30 % after grinding in  

the DBM and 36 % after grinding in the PCM, and the ab-

sence of this impurity after grinding in a mortar. Thus, in-

tensive milling of ZnO powder in the DBM and PCM actu-

ally leads to powder contamination with an admixture of 

iron oxide from steel drums and grinding agents, but in  

the case of grinding in a ceramic mortar, there is no such 

contamination. 

The product synthesized from a solution of zinc nitrate 

with glycine at φ=2 was also ground after oxidative roast-

ing (calcination) at 650 °C during 1 h. Fig. 6 presents  

the results of grinding the calcined product in various ways. 

The time of grinding in the mortar was 15 min, in the DBM – 

60 min, and in the PCM – 45 s. 

 

 

 

      

 a b 

Fig. 3. The appearance of the non-calcined solution combustion (SHS-S) product after grinding:  

a – in the drum ball mill; b – in the mortar 
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Fig. 4. Microstructure of the non-calcined solution combustion (SHS-S) product after grinding:  

a – in the mortar; b – in the drum ball mill; c – in the planetary-centrifugal mill 
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b 

 

c 

 
Fig. 5. XRD pattern of the non-calcined solution combustion (SHS-S) product after grinding:  

a – in the mortar; b – in the drum ball mill; c – in the planetary-centrifugal mill 
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Table 1. Phase composition of the non-calcined solution combustion (SHS-S) product at different grinding methods 

 

 

Type of grinding 
Content, % 

ZnO C Fe2O3 

A mortar, 15 min 93 7 0 

A drum ball mill, 60 min 60 10 30 

A planetary-centrifugal mill, 45 s 62 2 36 

 

 

 

Fig. 6 demonstrates that the amorphous component from 

the residues of unburned fuel in the structure is absent.  

The most uniform and fine powder structure is observed 

after grinding in a mortar. This is confirmed by the results 

of determining the particle-size distribution of the combus-

tion product calcined at 650 °C during 1 h after grinding in 

a mortar and PCM (Fig. 7) with an average particle size of 

D50=0.90 and 8.27 µm, respectively. 

Fig. 7 clearly shows that after grinding in a mortar,  

the particle size is in the range from 0.18 to 8.3 µm, and 

after grinding in a planetary mill – from 0.18 to 130 µm. 

The lower limits and submicron sizes here refer to indivi-

dual small particles, and micron sizes up to the upper limits 

refer to strong sintered porous agglomerates of submicron 

ZnO particles that are not separated by ultrasonic treatment 

in water [11]. 

Fig. 8 presents the elemental chemical composition of 

the calcined combustion product determined by the EDS 

method after milling by various methods. The time of 

grinding in a mortar was 10 min, in a DBM – 60 min, in  

a PCM – 45 s. 

The local elemental composition of the calcined com-

bustion product after grinding (Fig. 8) shows the presence 

of carbon residues ranging from 0.83 to 2.01 % after grind-

ing by all methods, but the presence of iron impurities was 

found only after grinding in mills: 2.07–6.38 % (DBM) and 

0.8–2.4 % (PCM). 

Based on the results obtained, one can conclude that 

simple grinding in a mortar gives the purest and finest ZnO 

powder obtained by the SHS-S method. 

SHS-S product photocatalytic activity 

Fig. 9 presents the results of the application of the non-

calcined SHS-S product ground in a drum ball mill and  

a mortar for the phenol photocatalytic decomposition in an 

aqueous solution under the action of ultraviolet irradiation. 

Fig. 9 shows that, regardless of the duration of grinding 

in a DBM, the phenol concentration behaves much  

the same – during the entire 5.5 h of irradiation, it fluctuates 

around the initial relative value of 100 % without a notice-

able decrease, and even vice versa, with an increase of up to 

20 % against the initial value. 

The results of studying the phenol photocatalytic de-

composition using the combustion product ground by dif-

ferent methods and calcined for 1 h at different tempera-

tures (500, 650, and 750 °C) are shown in Fig. 10. 

It is obvious that the selected calcination temperatures 

give similar results, while different grinding methods lead 

to significantly different results. Calcined ZnO powder 

ground in a mortar has a much higher photocatalytic activi-

ty than one ground in ball and planetary mills. Judging by 

the data in Fig. 8 about the local content of elements in ZnO 

powder, all these three powders have approximately  

the same small carbon impurities (in the range of 1–2 %), 

but the powder after grinding in a mortar does not have iron 

Fe impurities and, after grinding in mills, iron contamina-

tion is more noticeable: from 2.07 to 6.38 % in a DBM and 

from 0.8 to 2.4 % in a PCM. Moreover, Fig. 6 and 7 show 

that when grinding in a mortar, the powder is much finer 

than when grinding in mills, in particular, the average parti-

cle size D50=0.90 µm when grinding in a mortar and 

D50=8.27 µm after a PCM. Thus, when grinding the cal-

cined solution SHS product in a mortar, the obtained ZnO 

powder is much purer and finer than when grinding in ball 

and planetary mills. This explains the highest photocatalytic 

activity of ZnO powder ground in a mortar in the reaction 

of phenol decomposition in an aqueous solution under  

the action of ultraviolet irradiation (Fig. 10). 

Obtaining SHS-G product  

During heating, convective mixing of the viscous gel 

was observed, and after some time a combustion reaction 

spontaneously began, the duration of which determined the 

combustion time. Fig. 11 demonstrates the dependence of 

the mass conservation coefficient of the product of the com-

bustion in the KM vessel on the φ criterion in the range of 

0.25≤φ≤3 for this SHS-G process obtained as a result of 

three experiments for each value of the φ criterion. 

When comparing Fig. 11 (for the SHS-G process with 

gel combustion) with a similar Fig. 1 (for the SHS-S pro-

cess with solution combustion), one can observe that they 

are close and indicate the existence of an explosive com-

bustion mode with an almost complete release of the com-

bustion product from the reaction vessel in the range of 

molar ratios of glycine with zinc nitrate in the initial mix-

ture of re-agents of 0.5≤φ≤1.5. In the range of φ>1.5,  

the KM mass conservation coefficient of the SHS-G 

product tends to the KM=1 value with an increase in the φ 

criterion up to the value of φ=3. By comparison, in  

the case of the SHS-S product, the KM coefficient tended 

to the KM=1.5 value, which is an indication of greater con-

tamination of the SHS-S product with the unburned glycine 

fuel residues. For both the SHS-G and SHS-S processes,  

the ignition delay time differs significantly. In the case of 

using dry mixtures of re-agents, combustion begins much 

faster (1.5 min on average) than in the case of dissolved 
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Fig. 6. Microstructure of the calcined solution combustion (SHS-S) product after grinding:  

a – in the mortar; b – in the drum ball mill; c – in the planetary-centrifugal mill 
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Fig. 7. The particle-size distribution (the dependence of the normalized particle amount q3 (%) on the particle diameter)  

of the powdered calcined solution combustion (SHS-S) product after grinding:  

a – in the mortar, D50 = 0.90 µm; b – in the planetary-centrifugal mill, D50 = 8.27 µm 

 

 

 

re-agents (8 min on average), since in the latter case a lot of 

time is spent for heating the solution to boiling water and 

evaporating water before gel formation. The time and type 

of combustion, color and consistency of the synthesized 

ZnO combustion product in the SHS-G process remain 

close to those of the process and product of SHS-S
1
. 

Composition and structure of the SHS-G products 

Fig. 12 and 13 show the results of determining the phase 

composition and microstructure of non-calcined SHS-G 

products for three different values of φ criterion: 0.25, 1, 

and 2. 

Fig. 14 shows an example of determining the local con-

tent of elements at various points of the synthesized product 

by the EDS method. 

The results of the XRD analysis of the SHS-G product 

at a minimum value of φ=0.25 show (Fig. 12 a) that  

the synthesis product consists of two phases: crystalline 

zinc oxide ZnO and free X-ray contrast carbon C with  

a graphite crystal lattice. The presence of free carbon indi-

cates that the reaction temperature was not high enough to 

complete the chemical reaction of glycine oxidation. High 

peaks relative to the main background of the diffraction 

 

1 Novikov V.A., Titov A.A., Kryukov N.A., Kachkin E.M. 

Combustion modes of gel of zinc nitrate with various fuels in the 

synthesis of zinc oxide nanopowders. Sovremennye materialy, 

tekhnika i tekhnologii, 2022, no. 2, pp. 17–39. EDN: LFWVFA. 

pattern indicate the presence of a formed crystal structure of 

wurtzite in zinc oxide obtained as a result of synthesis.  

The crystallite size obtained by the CSR assessment accord-

ing to the Scherrer formula is 48, 41, and 40 nm on three 

peaks with the highest intensity, and the average crystallite 

size is 43 nm. Fig. 13 a demonstrates that the resulting 

powder has a homogeneous structure with non-agglome-

rated, clearly defined particles of equiaxial submicron crys-

tals. It can be concluded that a highly dispersed powder 

with a particle size of less than 1 μm consisting of a mixture 

of nanosized and submicron particles with an average crys-

tallite size of 43 nm has been synthesized. 

Fig. 14 shows the results of the EDS analysis of the lo-

cal elemental composition of this powder at three points. 

The results show a content of 0.83 to 1.77 wt. % of carbon 

in the combustion product, on average 1.18 %, which corre-

sponds to the XRD results (Fig. 12 a) on the presence of 

free carbon in the product. The average values of carbon 

impurity in the non-calcined SHS-G product determined by 

the EDS method are equal to 1.45 and 1.9 % for the values 

of φ=1 and 2, respectively. 

At φ=1, the synthesis product consists of two phases as 

well: crystalline ZnO and X-ray contrast carbon C.  

The average size of ZnO crystallites according to  

the Scherrer formula is 21 nm. A smoother transition of  

the diffraction pattern (Fig. 12 b) from the main back-

ground level to the peak level may indicate the appearance 

of an amorphous component in the synthesis products. 
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Element 

Mass content, %, 

at the points 

037 038 039 

C 0.83 1.14 0.86 

O 6.63 7.77 6.43 

Zn 92.54 91.09 92.71 

a

 

 

Element 

Mass content, %, 

at the points 

25 26 27 

C 0.76 1.07 2.01 

O 5.83 9.32 15.20 

Fe 6.38 2.07 4.01 

Zn 87.03 87.54 78.78 

b

 

 

Element 

Mass content, %, 

at the points 

31 32 33 

C 1.7 1.99 0.66 

O 10.86 13.13 5.57 

Fe 2.40 0.80 1.22 

Zn 85.05 84.08 92.54 

c 

Fig. 8. The local elemental composition of the calcined solution combustion (SHS-S) product after grinding:  

a – in the mortar; b – in the drum ball mill; c – in the planetary-centrifugal mill 
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Fig. 9. Change in time under the action of ultraviolet irradiation of the phenol relative concentration in an aqueous solution  

with a suspension of particles of the non-calcined solution combustion (SHS-S) product ground  

in the drum ball mill (15, 30, and 60 min) and in the mortar (5 min) 

 

 

 

 

 

 

 

Fig. 10. Change in time under the action of ultraviolet irradiation of the phenol relative concentration 

 in an aqueous solution with a suspension of particles of the solution combustion (SHS-S) product calcined  

at different temperatures (figures for lines, °C) and ground in the mortar (10 min), in the drum ball mill (DBM) (30 min);  

and in the planetary-centrifugal mill (PCM) (45 s) 
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Fig. 11. The dependence of the product mass conservation coefficient KM  

on the value of the criterion φ at the combustion of gel from dry reagents (SHS-G). 

The numbers on the lines indicate the numbers of experiments 

 

 

 

This is confirmed by the structure of the synthesized pro-

duct in the form of a frozen foamy mass with many pores of 

various diameters and agglomerates of small submicron 

oval particles (Fig. 13 b). Local elemental analysis of  

the combustion product gives an average carbon content of 

1.45 wt. %. 

With a further increase in φ, the microstructure of  

the combustion product remains similar – in the form of  

a frozen melted amorphous foam with many pores of vari-

ous diameters and agglomerates of small nanosized and 

submicron particles (Fig. 13 c). The diffraction pattern 

(Fig. 12 c) for φ=2 shows the presence of only the ZnO 

crystalline phase with an average crystallite size of 34 nm. 

At the same time, from the results of the EDS analysis of 

this SHS-G product, it follows that the content of carbon 

impurities in it is on average 1.9 %, which indicates  

the presence of carbon in the form of an impurity of free 

carbon in amorphous form and in the form of combined 

carbon in the unburned fuel residues. The EDS analysis of  

a similar SHS-S product synthesized at φ=2 showed a sig-

nificantly higher average carbon content – about 10 % [11]. 

From the comparison of carbon content in the SHS-G and 

SHS-S products synthesized at other φ values, the general 

conclusion follows that the carbon impurity content in  

the non-calcined SHS-G products is significantly lower in 

comparison with the non-calcined SHS-S products synthe-

sized at the same values of φ criterion. 

The results of determining the carbon impurity in  

the SHS-G product after calcination (oxidative annealing) 

at a temperature of 650 °C during 1 h (φ=2) are shown in 

Fig. 15 and equal on average to 0.94 %. 

Thus, calcination noticeably reduces the carbon impuri-

ty content in the SHS-G product from 1.9 % for the non-

calcined product at φ=2 to 0.94 % (Fig. 15). 

Photocatalytic activity of the synthesized products 

Fig. 16 presents the results of comparing the photo-

catalytic activity for non-calcined synthesis products ob-

tained in the SHS-S and SHS-G modes with different 

fuel/oxidizer ratios in the composition of the initial reaction 

mixture, i.e., with different φ criterion values: 0.25, 1, and 2. 

Fig. 16 shows that for all φ values, in the first hours of 

ultraviolet irradiation, the SHS-G products exhibit slightly 

higher catalytic activity, which is close to the activity of  

the SHS-S products for the same φ value, but after 5 h of 

irradiation, their activity practically coincides. In general, 

the photocatalytic activity of non-calcined products is low, 

especially at φ=2, and leads to a decrease in the phenol 

concentration in an aqueous solution by 40–60 % over 5 h 

of irradiation. These results can be explained by the fact 

that non-calcined SHS-G products are slightly purer in 

terms of the carbon impurity content than non-calcined 

SHS-S products. At φ=2, the carbon impurity content is the 

highest compared to φ=0.25 and 1, and the smallest ZnO 

crystallite size of 21 nm (Fig. 12) is observed at φ=1 with 

the highest photocatalytic activity. 

Fig. 17 shows the results of the same comparison for  

the SHS-S and SHS-G products calcined for 1 h at 650 °C. 

The authors also determined the particle-size composi-

tion of these calcined and ground in a mortar (10 min) SHS-G 

products synthesized at various φ values (Fig. 18). 

As one can see from Fig. 17, calcination (650 °C, 1 h) 

of the synthesized SHS-S and SHS-G products signifi-

cantly increases their photocatalytic activity, especially of  

the SHS-G products, which contribute to the almost com-

plete phenol decomposition in 3.5–4.5 h of ultraviolet irra-

diation. Such activity of the products is explained both by 

their significant purification from carbon impurities during 

calcination to a level of 1 % ([11] and Fig. 15) and by 
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b 

 

c 

Fig. 12. XRD patterns of the non-calcined gel combustion (SHS-G) product at various φ: 

a – φ=0.25; b – φ=1; c – φ=2 

 

 

22 Frontier Materials & Technologies. 2023. № 2



Amosov A.P., Novikov V.A., Kachkin E.M. et al.   “The formation of highly dispersed zinc oxide powder during combustion of zinc…” 

 

 

 

 

 

     

a 

     

b 

     

c 

Fig. 13. Microstructure of the non-calcined gel combustion (SHS-G) product at various φ: 

a – φ=0.25; b – φ=1; c – φ=2 
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Element 
Mass content, %, at the points 

20 21 22 

C 1.77 0.95 0.83 

O 13.95 6.02 6.73 

Zn 84.29 93.03 92.44 

 

Fig. 14. The local elemental composition of the non-calcined gel combustion (SHS-G) product at φ=0.25 

 

 

 

 

 

 

 
 

Element 
Mass content, %, at the points 

037 038 039 

C 0.83 1.14 0.86 

O 6.63 7.77 6.43 

Zn 92.54 91.09 92.71 

 

Fig. 15. The local elemental composition of the calcined gel combustion (SHS-G) product at φ=2 

 

 

 

24 Frontier Materials & Technologies. 2023. № 2



Amosov A.P., Novikov V.A., Kachkin E.M. et al.   “The formation of highly dispersed zinc oxide powder during combustion of zinc…” 
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b 

 

c 

Fig. 16. Change in time under the action of ultraviolet irradiation of the phenol relative concentration in an aqueous solution  

with a suspension of particles of non-calcined products of solution combustion (SHS-S) (1)  

and gel combustion (SHS-G) (2) synthesized at:  

a – φ=0.25; b – φ=1; c – φ=2 
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Fig. 17. Change in time under the action of ultraviolet irradiation of the phenol relative  

concentration in an aqueous solution with a suspension of particles of calcined products of solution combustion (SHS-S) (1)  

and gel combustion (SHS-G) (2) synthesized at: a – φ=0.25; b – φ=1; c – φ=2 
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c 

Fig. 18. The particle-size distribution (the dependence of the normalized particle amount q3 (%) on the particle diameter)  

of the calcined and ground in the mortar (10 minutes) SHS-G product synthesized at: 

a – φ=0.25, D50=5.4 μm; b – φ=1, D50=3.81 μm; c – φ=2, D50=2.37 μm 

 

 

 

the smallest sizes of ZnO particles (Fig. 18). The most 

active SHS-G product at φ=2 has the smallest average 

particle size D50=2.37 µm and 90 % of the particles are 

smaller than 27 µm. In the SHS-G product at φ=1 with 

an average particle size D50=3.81 µm, even the presence 

of 4 % of nanoparticles with a size of less than 0.035 µm 

is observed, and 90 % of the particles have a size of less 

than 22 µm. The largest particles are at φ=0.25: the aver-

age size D50=5.4 µm, 90 % of particles are smaller than 

55 µm. However, in some time after the start of ultravio-

let irradiation, the photocatalytic activity of the SHS-G 

and SHS-S products becomes the same, for example, 

after 3.5 h at φ=2. 

DISCUSSION  

To increase the photocatalytic activity of zinc oxide 

synthesized by the solution SHS method, the authors car-

ried out a detailed study of grinding the SHS-S product in  

a drum ball mill, a planetary centrifugal mill, and a mortar. 

Intensive grinding in a DBM and PCM leads to a strong 

sticking of the ground material on the grinding agents and 

the walls of the mill drums (Fig. 3), which creates great 

inconvenience due to the necessity of cleaning them; to the 

darkening of the ground product due to high contamination 

with iron oxide (30 % after grinding in the DBM and 36 % 

after grinding in the PCM according to Fig. 5) due to  

the milling of iron from steel grinding agents and drums; to 
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the formation of large dense agglomerates from the initial 

small nanosized and submicron ZnO particles of the synthe-

sized product (Fig. 4). The purest (without iron impurity)  

and finest ZnO powder is produced by simply grinding  

the synthesis product in a ceramic mortar. 

Non-calcined ZnO powders ground by any method ex-

hibit weak photocatalytic properties during the phenol de-

composition (Fig. 9) due to their contamination with up to 

10 % carbon (Fig. 5, Table 1). An increase in the phenol 

concentration by 20 % over 100 % observed in Fig. 9 can 

be explained by the release of unburned organic fuel resi-

dues from porous agglomerates of non-calcined ZnO parti-

cles into the solution. These residues have fluorescent pro-

perties similar to phenol, and the total concentration of these 

residues and phenol is reflected in the graph and can exceed 

100 % [11]. (Calcination at 650 °C for 1 h and more leads 

to a significant decrease in the unburned organic fuel resi-

dues in the porous agglomerates of ZnO particles. The ex-

ceeding of 100 % of the relative phenol concentration in  

the experiments on the photocatalytic phenol decomposi-

tion under the action of ultraviolet irradiation is not ob-

served [11].) 

Calcination (oxidative annealing) at 650 °C for 1 h sig-

nificantly reduces the carbon impurity content in the SHS-S 

product to a level of 1–2 %, but does not free the product 

ground in a DBM and PCM from the iron impurity (Fig. 8). 

The amorphous component from the unburned fuel residues 

is absent in the structure of calcined products (Fig. 6).  

The most homogeneous and fine powder structure is ob-

tained after grinding in a mortar (Fig. 7). As a result,  

the highest photocatalytic activity in the reaction of phenol 

decomposition in an aqueous solution under the action of 

ultraviolet irradiation is observed in the calcined ZnO pow-

der ground in a ceramic mortar (Fig. 10). However, this 

photocatalytic activity does not exceed the photocatalytic 

activity of the calcined ZnO powder without any grinding 

given in the work [11]. 

In such manner, through grinding the nanostructured 

product of the solution SHS, it was not possible to increase 

its photocatalytic activity in the phenol decomposition. 

Firstly, grinding in a ceramic mortar slightly reduces  

the photocatalytic activity due to an increase in the size of 

agglomerates of nano- and submicron particles of the ZnO 

powder. Secondly, grinding in drum ball and planetary cen-

trifugal mills even significantly impairs the photocatalytic 

activity both due to a greater increase in the size and densi-

ty of agglomerates of the ZnO powder particle and due to 

contamination with iron impurities from steel grinding 

agents and mill drums. 

The study of another SHS process variant, when synthe-

sizing ZnO nanopowder from a gel formed from moistened 

initial dry mixtures of zinc nitrate and glycine (SHS-G pro-

cess), showed that its characteristics and product, although 

similar (as can be seen from the comparison of Fig. 1 and 

Fig. 11, as well as from the description of the products), in 

some positions they compare favorably with the solution 

SHS process (SHS-S). Firstly, the SHS-G process is easier 

and faster to implement, since there is no need to prepare 

saturated solutions of re-agents, combustion begins much 

faster (1.5 min on average) than in the case of dissolved re-

agents (8 min on average), since in the case of the SHS-S 

process, a lot of time is spent for heating the solution to 

boiling water and evaporating water before gel formation. 

Secondly, the synthesized SHS-G product is finer and 

cleaner in terms of the content of carbon impurities 

(Fig. 11–14). The average carbon content in the non-

calcined SHS-G product is 1–2 % for different φ criterion 

values, while in the non-calcined SHS-S product the aver-

age carbon content is about 10 % [11]. Calcination at  

a temperature of 650 °C for 1 h significantly reduces  

the average content of carbon impurity in the SHS-G pro-

duct from 2 % for the non-calcined product to 1 % (Fig. 15). 

On average, about 1 % of carbon is also contained in  

the SHS-S product after calcinations at 650 °C [11]. 

Non-calcined SHS-G and SHS-S products have a low 

photocatalytic activity in the phenol decomposition 

(Fig. 16), which is slightly higher for the SHS-G product 

due to the higher purity in terms of the carbon impurity 

content. The calcinations of the synthesized SHS-G and 

SHS-S products significantly increases their photocatalytic 

activity (Fig. 17), especially of the SHS-G products, which 

contribute to the almost complete phenol decomposition 

within 3.5–4.5 h of ultraviolet irradiation. Such activity of 

the products is explained both by their significant purifica-

tion from carbon impurities during calcinations to a level of 

1 % ([11] and Fig. 15) and by the smallest sizes of ZnO 

particles (Fig. 18). However, the difference between  

the photocatalytic activity of the SHS-G and SHS-S pro-

ducts, both non-calcined (Fig. 16) and calcined (Fig. 17), in 

the phenol decomposition, is noticeable only within  

the first few hours (3.5–5 h in most cases) of ultraviolet 

irradiation. Then this difference disappears, i.e., the SHS-G 

and SHS-S products have almost the same photocatalytic 

activity in the phenol decomposition under the action of 

ultraviolet irradiation. 

Such a result can be explained by the fact that both re-

lated processes – the combustion of a solution of an exo-

thermic mixture of initial re-agents of zinc nitrate oxidizer 

and glycine organic fuel (SHS-S) and the combustion of  

a gel from a moistened mixture of dry initial re-agents 

(SHS-G) – lead to the synthesis of almost one and the same 

product: highly dispersed crystalline powder of zinc oxide 

ZnO with an admixture of amorphous unburned organic 

fuel residues in the form of free and combined carbon 

(Fig. 2 and 13). After the combustion product is calcined in 

a muffle furnace with an air atmosphere during 1 h at 

650 °C, the carbon content decreases to 1 % in average and 

the calcined synthesis product acquires a uniform powder 

body structure from the porous agglomerates up to 100 μm 

in size, sintered from crystalline nanosized and submicron 

ZnO particles with an average crystallite size of 10 to 

50 nm. Such nanostructured zinc oxide demonstrates high 

photocatalytic activity in the phenol decomposition in an 

aqueous solution with a suspension of ZnO particles under 

the action of ultraviolet irradiation leading to almost com-

plete phenol decomposition in less than 4.5 h. This 

photocatalytic activity is comparable to the activity in  

the phenol photocatalytic decomposition of ZnO powders 

with a nanosized substructure obtained by the hydrothermal 

method after annealing at 650 °C for 3–5 h [14]. At  

the same time, the SHS-S and SHS-G methods are much 

more productive than the hydrothermal method, and  

the synthesized photocatalyst particles are much larger. 

The positive aspects of these SHS methods should also 

include the presence of carbon impurities in their products 

(up to 1 % in calcined products), which can increase  
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the photocatalytic activity of synthesized ZnO, as shown in 

the works [15–17]. Moreover, SHS processes are characte-

rized by an increased defectiveness of synthesized powders 

due to very high rates of heating and cooling of combustion 

products, which can also increase their photocatalytic acti-

vity [18; 19]. One more advantage of the synthesized ZnO 

powders is that sufficiently large sintered porous agglome-

rates up to 100 μm in size from the high-dispersed ZnO 

particles, with their high photocatalytic activity, can signifi-

cantly simplify the possibility of their application in  

the suspension state in a membrane photocatalytic plant for 

fine water purification. In this case, the separation of  

the photocatalyst after water purification can be carried out 

by simple filtration instead of a much more complex and 

inefficient separation through a ceramic ultrafiltration 

membrane with a pore size of 100 nm [14]. 

Consequently, the authors failed to increase the photo-

catalytic activity in the phenol decomposition of a fine zinc 

oxide ZnO powder obtained by burning a solution of  

the zinc nitrate and glycine mixture (the solution SHS 

method) either by grinding a product of the solution com-

bustion of an exothermic mixture of initial zinc nitrate and 

glycine re-agents, or by using a combustion product of a gel 

from a moistened mixture of dry re-agents. The authors of 

this paper continue to study the possibility of increasing  

the photocatalytic activity of this powder by doping it with 

various metal elements (Fe, Mg, Ni, Co), since it is known 

that such doping can significantly increase the photo-

catalytic activity of zinc oxide and make it effective in  

the decomposition of organic water pollutants when irradi-

ated both with visible light and with ultraviolet radiation, 

which is very important for the practical application of  

a photocatalyst for the industrial wastewater treatment [20; 

21]. Therefore, a simple energy-efficient method of burning 

mixtures of zinc nitrate with glycine will allow obtaining an 

inexpensive nanostructured catalyst based on doped zinc 

oxide with high photocatalytic activity in the phenol de-

composition under the action of visible light. 

 

CONCLUSIONS  

1. Nanostructured zinc oxide ZnO produced by the me-

thod of the solution self-propagating high-temperature syn-

thesis through the combustion of a solution of a mixture of 

zinc nitrate re-agents, with glycine and subsequent calcina-

tion in an oxidizing air atmosphere, has a high photo-

catalytic activity in the phenol decomposition in an aqueous 

solution under the action of ultraviolet irradiation, but is 

ineffective when irradiated with visible light. 

2. Grinding of this SHS-S product in a drum ball mill, 

planetary centrifugal mill, and in a mortar to increase its 

photocatalytic activity did not lead to a desired result. In-

tensive grinding in a DBM and PCM is accompanied by  

a large contamination of the product with iron oxide due to 

the milling of iron from steel grinding agents and drums, as 

well as by the formation of large dense agglomerates from 

the initial small nanosized and submicron ZnO particles, 

which significantly reduces the photocatalytic activity of 

the ground product. The purest (without iron impurity) and 

fine ZnO powder is produced by simply grinding the syn-

thesis product in a ceramic mortar, but its photocatalytic 

activity does not increase from this. 

3. The study of another version of the SHS process, 

when synthesizing ZnO from a gel formed from the mois-

tened initial dry mixtures of zinc nitrate and glycine (SHS-G 

process), showed that its characteristics and product, al-

though similar, differ from the SHS-S process. Firstly, it is 

implemented easier and faster. Secondly, the SHS-G pro-

duct is smaller and cleaner in terms of the content of carbon 

impurities. However, the difference between the photo-

catalytic activity of the SHS-G and SHS-S products in  

the phenol decomposition is noticeable only at the initial 

stage of ultraviolet irradiation, after which this difference 

disappears. The calcined SHS-G and SHS-S products have 

practically the same high photocatalytic activity in the phe-

nol decomposition under the action of ultraviolet irradiation 

causing almost complete phenol decomposition in 3.5–4.5 h 

of ultraviolet irradiation. 

4. Neither by grinding the SHS-S product, nor by using 

the SHS-G method, it was possible to increase the photo-

catalytic activity in the phenol decomposition of the highly 

dispersed zinc oxide powder produced by these SHS me-

thods. Probably, the continuation of these studies concern-

ing the use of doping of zinc oxide synthesized by the com-

bustion of mixtures of re-agents with various metal ele-

ments (Fe, Mg, Ni, Co) will help to significantly increase 

its photocatalytic activity and make it effective in the phe-

nol decomposition upon irradiation with visible light. 
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