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Summary 

The aim of the study was to obtain nanometric zinc-alumina spinel in a 
stop-flow reactor with microwave emission. The water solution of zinc and 
aluminium nitrates was used as a reaction substrate. The mole ratio of Al:Zn = 2:1. 
A 2M water solution of potassium hydroxide was used as mineraliser. The 
process was carried out under the pressure of 3.9 MPa for 15, 30 and 60 min. 
The obtained product had grains of about 6 nm, determined on the basis of the 
specific surface area and density measurements, observed using SEM and TEM 
microscopes. According to XRD analysis, a pure phase of Al-Zn spinel was 
obtained for optimum reaction time of 30 min. The specific surface area 
measured using BET method was in the range of 230–270 m2/g. For the first 
time a nanocrystalline zinc aluminate spinel of high specific surface area and 
high phase purity was obtained in a stop flow microwave solvothermal reactor.  
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Introduction 

A general chemical formula of spinels can be written as AB2O4, where A is 
a bivalent metal (Zn, Mg, Fe, Mn), and B – a trivalent metal (Al, Fe, Cr, Mn). 
Spinels have a regular crystal structure. Zinc aluminate belongs to the family of 
normal spinels, in which tetrahedral positions are occupied by 8 A+2 ions and 
octahedral – by 16 B+3 ions [1, 2]. 

A large family of spinels contains a lot of chemical compounds with 
complex structure and has a significant industrial potential. Among other 
spinels, ZnAl2O4 has a lot of interesting properties, as: high mechanical 
resistance, high thermal stability and low sintering temperature. Zinc aluminate 
(gahnite) spinel is commonly applied in ceramic and electronic industry as well 
as in catalytic processes as oil cracking, dehydratation, hydrogenation and 
dehydrogenation. These applications concern in particular ZnAl2O4 spinel doped 
with Fe+3 ions [3–8]. 

Due to its transparency towards light above  320 nm, zinc aluminate spinel 
found application in optoelectronics (band gap of 3.8 eV) [9–11] for laser 
production and as a protecting material for space vehicles. 

Transparent spinels without imperfections are applied in precision 
mechanics (for instance in bearings) and as gemstones [12].  

Spinel ZnAl2O4 is also applied for production of nanotubes, nanowires and 
thin layers [13, 14]. 

Interesting physico-chemical properties are attributed to ZnAl2O4 doped 
with ions of various chemical elements, mainly transition metals or rare earth 
elements, as: Co+3, Er+3, Eu+3, Yb+3, Sm+3, Tb+3 and Mn+3. Zinc aluminate spinel 
doped with such elements have excellent luminescence properties [15–20].  

Zinc aluminate spinel can be synthesized using various methods, as solid 
state reaction [21], sol-gel method [5, 22–25], hydrothermal method [26–29], 
co-precipitation [30–33], microemulsion techniques [34] and thermovaporisation 
[35]. The simplest method to synthesize nanometric spinels is hydrothermal 
synthesis. Recently, hydrothermal synthesis has been improved through an 
application of microwaves, which generate rapid temperature growth, better 
process kinetics and more homogeneous phase composition of obtained 
products [26, 28].  

This work describes synthesis and characterization of zinc aluminate spinel 
produced in a stop-flow in a hydrothermal process with microwave heating. The 
novelty of the proposed method is fast reaction time, low synthesis temperature 
and a good quality of the obtained product (very high specific surface area, 
narrow grain size distribution). 
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1. Methods of powders’ characterization 

The specific surface area of the obtained products was determined using 
BET (Brunauer, Emmett, Teller) method (Gemini 2360 Micromeritics).  

The second parameter important for nanopowders characterization is their 
density, which delivers information about product quality. The powders’ density 
was determined using helium pycnometer.  

On the basis of specific surface area and density of the powder, a size of 
grains was determined (assuming a spherical shape of grains) according to a 
following formula: 
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where: 

d – grain size [nm],  
ρ – density  [g/cm3],  
S – specific surface area [m2/g]. 

 
Phase composition of the synthesized powders was determined using 

X’pert Philips diffractometer.  
To study  morphology of the obtained powders, a lot of microscope 

observations have been carried out, using a scanning microscope with field 
emission (LEO 1530) as well as transmission microscope (JEM 2000 EX).  

2. Description of the reactor 

A stop-flow reactor with microwave emission is designed for inorganic and 
organic syntheses under work pressure at the level up to 3.9 MPa and 
temperature of 300°C. The flow of the reaction mixture is fixed at 2 l/h. The 
reactor is composed of a reaction tube together with filling equipment, 
flowmeters to control reactants’ streams and resonator of microwaves with 
double kind of field TM01, excited using a microwave generator, equipped with 
a magnetron head and a power supply. 

The reactor is controlled using computer software REAKTOR, being a part 
of the control system of the whole equipment. The software is installed on a PC 
computer connected with a programmable controller PLC using OPC 
technology (OLE for Process Control). The PLC controller is responsible for all 
control functions of the system. The controlling software calls the functions and 
visualizes states of the equipment transferred by the controller. 

The control system enables to fix microwave power at a desired level and 
to measure process parameters. 
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The functions of the reactor control assisted by the control software can be 
set in one of three modes: 
– manual mode, 
– phase mode, 
– procedure mode. 

A manual mode is applied to diagnose the state of particular parts of the 
installation. It is used mainly during maintenance works and to verify a 
microwave link. 

A phase mode is applied to manually perform a single phase of the process, 
as: washing of the reactor, complete filling of the reactor, switching-on the 
microwave radiation or emptying of the reactor with the use of the compressed 
air. 

A procedure mode is used for a continuous work of the reactor. A single 
work cycle is carried out in five steps. For each step a given phase of the process 
can be fixed, as in the phase mode [36]. Fig. 1 shows a flow reactor with 
microwave emission.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1.  Flow-stop reactor with microwave emission designed and produced by the Institute for 
Sustainable Technologies – National Research Institute in Radom in collaboration with 
the Institute of High Pressure in Warsaw and company Ertec 
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3. Experimental 

As reactants to synthesize zinc aluminate spinel the water solutions of 
Zn(NO3)2*6H2O and Al(NO3)3*9H2O were taken. The ratio of zinc and 
aluminium salt was appropriate to obtain a product with a mole ratio Al:Zn = 2:1. 
The appropriate amount of zinc and aluminum nitrate was put in the glass 
container and 150 ml of distilled water was added. The solution was agitated 
using a magnetic stirrer. To precipitate zinc and aluminium hydroxides a 2M 
water solution of KOH was used. The potassium hydroxide solution was slowly 
added until a pH of 10 was reached. The obtained suspension of zinc and 
aluminium hydroxides was next put into a reactor container and placed in the 
flow reactor. The process parameters were fixed: pressure of 3.9 MPa and time 
– 15 or 30 or 60 min. 

The reaction switched off, the product was filtered and washed many times 
with distilled water, and next placed in a dryer (70oC/24 h).  

A schema below illustrated the synthesis steps. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 2. Schema of the ZnAl2O4 nano spinel synthesis 

4. Results and discussion 

Tab. 1 shows results of the analysis of zinc aluminate spinel synthesized in 
the stop-flow reactor. 

Zn(NO3)3*6H2O Al(NO3)3*9H2O 

2 M KOH MIXING  

FILTERING 

WASHING 
H2O (dist.) 

DRYING  
(70oC / 24 h) ANALYSES  

MICROWAVE 
REACTOR 
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Table 1. Results of the analyses of zinc aluminate spinel synthesized for 15, 30 and 60 min 
 

Time [min] 15 30 60 
Density [g/cm3] 3.557 3.473 3.343 

BET 
[m2/g] 

259 266 234 

Grain size [nm]  6 6 7 
Phase composition ZnAl2O4 

ZnO 
ZnAl2O4 

 
ZnAl2O4 

 
 
The specific surface area varies from 234 to 266 m2/g and reaches 

maximum for a medium process time – 30 min. (Fig. 3a) when a powder density 
decreases together with the increase of process time (Fig. 3b), from 3.557 to 
3.343, respectively. 
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Fig. 3. Dependence of a) specific surface area, b) density on reaction time  
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The process occurring in the microwave hydrothermal reactor is the 
dehydratation of hydroxides leading to their transformation into oxides. The sol 
at the inlet of the reactor is transformed into a powder suspended in water at the 
reactor outlet. The use of a hydrothermal reactor enables to replace two 
processes: drying and calcination. The application of high pressure allows to 
significantly lower process temperature comparing to a classical wet synthesis 
followed by calcinations. In consequence, a powder obtained in hydrothermal 
reactor has higher specific surface area and more narrow grain size distribution 
due to lower temperature and better heat comparing with calcination, which has 
to be done at much higher temperature [36]. The hydroxide sol at the reactor 
inlet has lower density and higher surface area then the obtained oxides’ 
powder, Then, decrease in density observed with process time, is connected 
with gradual elimination of surface hydroxides and their transformation to 
oxides.  

The grain size evaluated on the basis of density and specific surface area of 
the obtained product is about 6 nm. 

According to the XRD analysis (Fig. 4) two phases can be detected in the 
product: zinc aluminate spinel and zinc oxide. The best results (pure spinel 
synthesized) were obtained for process time of 30 min. For this sample no ZnO 
traces were found in the XRD pattern. A shorter process time (15 min) was not 
sufficient to enable reactants to fully convert into spinel.  
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Fig. 4. XRD patterns of zinc aluminate samples synthesised in a microwave flow reactor  



 PROBLEMY  EKSPLOATACJI – MAINTENANCE  PROBLEMS   4-2010 
 

98 

Then, the maximum of the specific surface area corresponding to process 
time of 30 min, where the pure spinel is obtained, means that zinc aluminate 
spinel has higher specific surface area (smaller grains) than zinc oxide. And 
during further annealing grain growth of spinel takes place. 

According to papers [37, 38, 39], zinc hydroxide precipitates at pH equal 8 
to 12 and aluminium hydroxide – in the range of pH from 4 to 10. Then, the 
areas of both cations precipitation overlap and one can imagine the nucleation of 
zinc hydroxide in the neighboring of aluminium hydroxide nucleus, but as well 
as according to a core-shell model – a layer of aluminium hydroxide can be 
formed on the surface of zinc hydroxide particle created just before. Then the 
subsequent formation of spinel can occur through intergranular cations’ 
diffusion or through layer-grain diffusion. 

 

 
a) 

 
b) 

 

Fig. 5. Powder morphology for synthesis conditions 3,9 MPa/ 30 minut: a) SEM, b) TEM 

 

2 4 6 8 10 12

-20

-10

0

10

20

30

40

50

 

Z
et

a 
po

te
nt

ia
l

pH

 15min
 30min
 60min

 
Fig. 6. Study zeta potential as function of pH 
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According to an analysis of the powder morphology using scanning 
microscope (Fig. 5a), the reaction product agglomerates in the form of spheres. 
These structures are composed of fine ZnAl2O4 crystallites, which agglomerate 
in the reaction suspension or during the washing after the synthesis.   

Transmission microscope observations (Fig. 5b) show small grains below 
10 nm in diameter, which fit quite well with grain size determined on the basis 
of the specific surface area and density measurements. This result was 
confirmed by investigation grain size distribution sample obtained in time 30 
minutes (Fig. 7). 

0 2 4 6 8 10 12 14

0

5

10

15

20

25

Q
ua

nt
ity

Grains size [nm]

 
Fig. 7. Grain size distribution sample obtained in time 30 minutes 

Conclusion 

A new, hydrothermal microwave method of synthesis of nanometric zinc 
aluminate spinel has been described for the first time. A novelty of the 
technology is connected with precise time control, relatively low process 
temperature, high process purity and uniformity of the product. The synthesis 
method described allows to produce up to 100 g/8 h of zinc aluminate spinel at 
low temperature (applied pressure of 3.9 MPa corresponds to a temperature 
range of 250–270ºC. Secondly, due to too low work pressure in the 
hydrothermal reactor, in order to obtain a spinel it was necessary to calcinate the 
product after hydrothermal process at the temperature of 800–900ºC, which 
obviously caused sintering, recrystallisation and a drop of specific surface area. 
A proper use of the microwave assisted hydrothermal flow reactor for a 
synthesis of zinc aluminate spinel is recommended because the obtained product 
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is of high quality, confirmed by XRD and microscopic studies. The synthesised 
ZnAl2O4 nano spinel has high density (connected with a high purity of the 
product), high surface area and nanometric grains (below 10 nm). It can be 
applied as a very good catalyst support or a host for rare elements to obtain a 
material with excellent luminescence properties. 
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Synteza w mikrofalowym reaktorze typu stop-flow oraz charakteryzacja 
spinelu nano-ZnAl2O4  

Słowa kluczowe  

ZnAl2O4
 synteza hydrotermalna, reaktor przemysłowy. 

Streszczenie 

Celem prac było uzyskanie manometrycznego spineklu cynkowo- 
-aluminiowego w mikrofalowym reaktorze pracującym w cyklu stop-flow. Jako 
substratów reakcji użyto azotków cynku i aluminium w stosunku molowym 
Al:Zn = 2:1. Jako mineralizator zastosowano 2M wodny roztwór wodorotlenku 
potasu. Procesy prowadzone były przy ciśnieniu 3.9 MPa przez 15, 30 i 60 
minut. Otrzymano produkt o rozmiarze ziaren około 6 nm. Rozmiar ziaren 
określono z wykorzystaniem pomiarów powierzchni właściwej i gęstości oraz 
obserwacji wykonywanych z użyciem mikroskopów SEM i TEM. Przepro-
wadzona analiza XRD wykazała, że czystą fazę Al-Zn uzyskano dla czasu 
reakcji wynoszącego 30 minut. Powierzchnia właściwa, określona metodą BET, 
zawierała się w zakresie 230–270 m2/g. Po raz pierwszy uzyskano, w reaktorze 
mikrofalowym typu stop-flow, nanokrystaliczny spinel cynkowo-aluminiowy 
o dużej powierzchni właściwej i dużej czystości fazowej. 
 




