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Introduction
Environmental requirements necessitate the implementation 

of the so-called clean technology, whose main determinants are: 
sustainable use of raw materials, improvement of energy efficiency 
and action in the broad sense of environmental protection. Important 
role in this type of technologies play a zirconium compounds, such 
as zirconium dioxide and zirconium oxy-hydroxide. Physicochemical 
nature of these compounds determines that they are mainly used 
in catalysis and in ion exchange. They have amphoteric properties, 
they are practically insoluble in water, their estimated solubility is 
1.1·10–54 [1]. They are well soluble in strong mineral acids and in 
highly concentrated alkali. Moreover, they have specific surface and 
structural properties [2].

Zirconium compounds play a significant role in many branches of 
industry. It is due to their mechanical and chemical properties, including 
the absence or low toxicity as compared with compounds replaced 
by them [3, 4, 1, 5–22].

the use of ion exchange properties of zirconium oxy-hydroxide
According to the literature, insoluble hydrated oxides of 

polyvalent metals, including Zr(IV) are characterized by ion 
exchange properties. They belong to a group of synthetic inorganic 
exchangers with high efficiency and selectivity. Ion exchange 
properties of zirconium oxy-hydroxide are dependent on synthesis 
process conditions (pH, precipitation temperature, concentration 
and type of final compound). Using during synthesis an excess of 
a strong base (eg. NaOH) and using the high final pH of the solution, 
a hydroxy compound in the form of cation is precipitated. However, 
in the precipitation processes of zirconyl nitrate or chloride 
solutions with ammonia at pH~9, a material with a good anion-
exchange properties is obtained. The ion exchange of zirconium 
oxy-hydroxide affinity to anion decreases in series:

SO4
2- > NO3

- > Cl- > Br- > ClO4
-

The process removing of sulfate ions from brines can be carried 
out by ion exchange, using an ion exchanger comprising zirconium 
oxy-hydroxide with active centers, able to OH- groups exchange 
to SO4

2- ions. In the ion exchange column both can be used: cation and 
anion zirconium exchangers, after following application of a zirconium 
compound on a synthetic resin matrix or on an inorganic carrier.

The Japanese company Kaneka Corporation as the first used 
zirconium anion exchanger for the removal of sulfate ions from 
industrial brines [2]. The process takes place in a system of two 
reactors and two rotary vacuum filters. The presented method is 
more economic than previously used (barium method). It allows the 
elimination of prior methods used to remove unwanted components 
(eg. sulfate precipitation in the form of barium sulfate transmitted 
to the landfill).

US patent [23] presents a method of anions removing from 
brine using hydrated zirconium oxide, carried on a granulated 
activated carbon or activated carbon impregnated with organic 
resins. The adsorbent with a preferred particle diameter of 0.5–
5 mm, has a high ion exchange capacity and a high mechanical 
strength, allowing the usage of the material in both: adsorption 
processes carried out in a continuous column and in the tank 
adsorbers with agitators.

Sulfate ions are removed by adsorption through hydrated 
zirconium oxide of the general formula Zr(OH)4·nH2O (n in the 
range of 4–200) [24]. Ion desorption and adsorbent regeneration is 
carried out using alkali, such as solutions of carbonates, bicarbonates 
of alkaline earth, hydroxides of alkali metals. Temperature limits 
and duration of the desorption process are the same as for the 
adsorption. In the present removal process of sulfates from brine, 
the total or partial circulation of repeatedly regenerated and not 
dried adsorbent is provided.

The phenomenon of the ion exchange was used to develop the 
invention for the recovery of sulfates from sea water or other brine, 
using zirconium adsorbent of amorphous, polymerized structure, 
carried on an organic carrier [25]. The use of adsorbent allows the 
removal of not only the sulfates, but also borates, bicarbonates, 
phosphates and fluorides. In another work of the same authors 
[26] a method of sulfates removal from brine using ion exchanger 
deposited on a synthetic resin was disclosed. The process is carried 
out continuously (solution pH in the range of 2–3, temperature  
40–60ºC or higher 100–120ºC). The column performance is strongly 
dependent on temperature.

Purification of brines from sulfate and borate ions is also possible 
thanks to the Dow Chemical Company product, called MSC-1, where 
zirconium oxy-hydroxide is supported on activated carbon [27]. Both 
the adsorption and desorption processes take place at a temperature 
of 65°C in a column, where a solution with a pH = 2 is passed through 
a bed of ion exchange. The adsorbed sulfates and borates are removed 
by washing with specified amount of water, sodium hydroxide and 
hydrochloric acid to give regenerated zirconium ion exchanger able 
for further work.

Japanese patent [28] presents a method for the brine purification 
from sulfate ions using hydrated zirconium oxide. The first step is 
adsorption of sulfate from the brine contaminated with an alkali, on 
the resin-zirconium ion exchanger. The pH of ions desorption process 
is higher than pH of adsorption.

Another patent [29] describes the purification of aqueous 
solutions of alkali metal chlorides from sulfate ions, using the 
zirconium adsorbent with a particle diameter of 1–20 microns. 
Preferred conditions for the adsorption step are: pH = 3–6, and the 
temperature not lower than 50°C. Desorption of ions is performed 
at the same temperature and pH = 9. To achieve it, an aqueous 
solution of ammonia, alkali metal hydroxides, tetra-alkyl-ammonium 
hydroxide, etc. may be used.

Sulfates from the contaminated brine can also be removed using 
ion exchanger – zirconium oxy-hydroxide supported on material 
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compatible with brine solution [30]. The ion exchange takes place in 
a column filled with ion exchanger with a particle diameter of not less 
than 30 microns (preferably diameter > 50 µm). According to the 
authors, 1 mole of hydrated zirconium oxide of formula ZrO2·nH2O 
(wherein n = 0.3–7), adsorbs 1 mole of sulfate ions.

Mesoporous ion exchange adsorbent can be used to remove 
arsenic(V) ions, fluoride and phosphate ions [31]. It is obtained 
by applying to the porous polyacrylic-styrene ion exchanger the 
zirconyl nitrate or chloride ion exchanger from alcohol solution. 
Followed by evaporation of alcohol and contact of the porous material 
coated with a zirconium compound with an alkali, zirconium salt 
changes into zirconium oxy-hydroxide, constituting the active phase 
of ion exchanger.

Phosphates(V) can be selectively adsorbed from seawater or 
wastewater, using as adsorbent amorphous zirconium oxy-hydroxide 
ZrO (OH)2·(NaO)0.05·1.5H2O [21]. The studies show that the 
adsorption of phosphates(V) increases with increasing pH of solution 
to 6, then it begins to rapidly decline. In case of the adsorbent used, 
much greater tendency to adsorb phosphates(V) was observed 
compared to other adsorbents based on layered double hydroxides. 
The effective desorption of adsorbed phosphates may be carried out, 
using 0.1 M NaOH.

In the sorption of phosphates(V) mesostructural zirconium 
synthesized from aqueous zirconium sulfate using as a matrix surfactant 
(heksadecylotrimetylo-ammonium bromide) [32]. It is characterized 
by a pore size of 2–50 nm, high surface area (> 1000 m2 g-1) and 
2–3 times higher sorption capacity of phosphates, as compared with 
commercial anion exchange resins.

In US patent [33] there is presented a method for the preparation 
and use of a zirconium complex of formula Zr(OH)4·A

-·nH2O or 
ZrO2·A

-·nH2O (wherein A- is an anion, eg. arsenic, chromium, 
selenium, fluoride, borate, perchlorate, n = 1–10000) for cyanide 
removal from industrial media. The adsorption is carried out at a pH 
of 7.5–11. Its efficiency is above 80%. NaOH solution of 1% is applied 
for desorption. Regeneration of the zirconium ion exchanger is possible 
through the use of hydrochloric acid (pH = 3), and rinsing with slightly 
acidified water.

Another patent [34] presents a method of anionic ground 
water treatment from arsenic, iron or perchlorates ions. The 
presented invention, in an economic way, allows treatment of 
drinking water, using activated carbon, coated with a hydroxide of 
rare earth metals, including zirconium, with a surface area of 850 
m2/g. Adsorption efficiency depends on conditions under which 
the coal is subjected to activation, for example with sulfuric acid, 
nitric acid or a mixture of them, at a temperature above 100°C 
and for 24 h.

The method for preparation of the zirconium ion exchanger, 
used for the purification of sea water, is described in the following 
U.S. patent [35]. The porous, inorganic base such as activated 
carbon, silicon or aluminum oxide, is coated with an active substance 
– zirconium, titanium oxy-hydroxide, etc. Created amphoteric 
ion exchanger, depending on the process conditions, enables the 
exchange of cations or anions.

Zirconium oxy-hydroxide dopped with Fe(III) and Fe(II) oxides, 
of a molecular formula ZrO(OH)2·1.6Fe3O4·2.5H2O can be used 
to remove arsenates(V), which are reduced to arsenates(III) [36]. 
The sorbent has a surface area equal to 151 m2/g. It characterizes 
by a small average pore diameter (543.7 nm). Sorption equilibrium can 
be achieved over 25 hours. The better adsorption effect is obtained at 
lower pH values.

Zirconium oxy-hydroxide with ethylenediamine in a ratio of 3:1 
of the formula [ZrO(OH)2+]3[NH2(CH2)2NH2]·3H2O, can be used 
for molybdates separation [37] from the specific circuits: Cl--MoO4

2-, 
Br--MoO4

2-, I--MoO4
2- , et al.

US patent [38] illustrates the preparation method of new material 
used in the dialysis process, wherein the sorbent is composed of acidic 
zirconium phosphate and basic hydrated zirconium oxide. Zirconium 
phosphate absorbs such cations: NH4

+, Ca2+, K+, Mg2+, and zirconium 
oxy-hydroxide enables the exchange of anions (P-, F-, CH3COO-). The 
common use of those two compounds takes place in the system REDY, 
in which the zirconium phosphate is responsible for cations exchange 
and zirconium oxy-hydroxide for anion exchange. The invention is 
characterized by the possibility of ion exchange, without the need 
to separate the acidic zirconium phosphate (AZP) and alkali zirconium 
oxy-hydroxide (NaHZO).

The process of sulfates removing from contaminated chloride 
solutions is possible through the exchange of OH- ions to SO4

2-. 
For example, in a process carried out in a column of bed ion 
exchanger, reduction of sulfate ions in 26% NaCl solution, from 
970 ppm to 110 ppm is possible [39]. However, in the process of 
desulfurization of industrial solutions containing 0.037% SO42-, the 
use of zirconium ion exchanger makes a possibility to reduce sulfate 
ions to 0.001%.

Conclusions
The ion exchanger comprising zirconium oxy-hydroxide may be 

used to remove anions and cations from liquid technological waste. 
Both the zirconium cation and anion exchangers can be used in the 
ion exchange column after application of zirconium oxy-hydroxide on 
organic or inorganic matrix. The zirconium ion exchanger is capable 
to remove sulfate ions, borates, bicarbonates, phosphates, fluorides, 
arsenates, cyanides, etc. Anion exchange properties of zirconium ion 
exchanger among others depend from:

a method of zirconium oxy-hydroxide preparation (pH, precipitation•  
temperature, the concentration and type of raw materials purity),
type of carrier, on which the active substance is applied,• 
conditions of ion-exchange process.• 
According to the literature, conducting of desulfurization 

process is preferred in the range of pH of 1–6 at a temperature 
above 50°C during 0.5–3 h. It is advisable to carry out the desorption 
of zirconium ion exchanger by washing with warm water, using an 
alkalizing agent, which is sodium hydroxide, aqueous ammonia, 
etc., (temperature >50°C, pH > 7). According to different authors 
grain size is in the range from 0.01 µm to 5 mm. The speed of ion 
exchange increases with decreasing of ion exchanger grain size and 
with increasing of the temperature. It should be noted that for small 
grain size, there is the risk of clogging the pores of ion exchanger 
during filtration.

In the process of liquid industrial waste treatment in a similar manner 
borates, bicarbonates, phosphates and fluorides can be removed. Using 
zirconium oxy-hydroxide ground water can be purified from arsenic 
ions, iron or perchlorate, at a temperature above 100°C and for 24 h. 
It has been reported that for certain anion exchanger sorption speed is 
very low and obtaining of equilibrium state requires even several days. 
Moreover, the use of certain derivatives of zirconium oxy-hydroxide 
([ZrO(OH)2+]3[NH2(CH2)2NH2]·3H2O, ZrO(OH)2·1.6Fe3O4·2.5H2O) 
enables efficient removal of contaminants from liquid industrial waste.

The available literature data indicate that the adsorption efficiency 
depends on the physicochemical properties of the exchanger, operating 
conditions and equipment solutions.

The use of zirconium oxy-hydroxide or its derivatives in ion 
exchange processes is preferred because of the possibility of:

applications in the environmental protection through its use in the • 
process of industrial waste treatment,
elimination of previously used methods of unwanted components • 
removal,
application of new ways of reduction of the content of harmful • 
substances discharged with waste water.



sc
ie

nc
e

nr 10/2016 • tom 70 • 649

Literature
Kirk-Othmer Encyklopedia of Chemical Technology, John Willey&Sons In., 1. 
New York, T. 22, 1970.
Cichy B., Bunikowska B., Kwiecień J., Kołodziejczyk J.: 2. Zirconium Hydroxide 
– Properties, Preparation and Use, Polish Journal of Chemical Technology 
2003, 5, 3, 55.
Lewicki A., Paryjczak T., Rynkowski J.: 3. Dwutlenek cyrkonu w katalizie. 
Właściwości i zastosowania, Wiadomości chemiczne 1996, 50, 11–12.
Kowalczyk J., Madejska L., Mazanek C.: 4. Możliwości wykorzystania krajowej bazy 
surowcowej dla otrzymywania związków cyrkonu, Rudy i metale 1991, 36, 9.
Agoudjil N.,5.  Kermadi S., Larbot A.: Synthesis of inorganic membrane 
by sol–gel process, Desalinatiom 2008, 223, 417.
Klocke F., Linke B., Schluetter D.: 6. Development of reliable grinding procedure 
for ceramic medical instruments, Prod. Eng. Res. Devel. 2009, 6, 10.
Knote A., Kruger H. G., Selve S., Kups Th.: 7. Metal-ceramic composite layers 
on stainless steel through the combination of electrophoretic deposition and 
galvanic processes, J. Mater. Sci. 2007, 42, 4545.
Lee J., Kwon B., Jang J., Yoon Yo, Kim J.: 8. High mobility organic transistor 
patterned by the shadow-mask with all structure on a plastic substrate, J. 
Mater. Sci. 2007, 42, 1026.
Rudnev V. S., Yarovaya T. P., Kilin K. N., Malyshev I. V.: 9. Plasma-Electrolytic 
Oxidation of Valve Metals in Zr(IV) – Containing Electrolytes, Prot. of Metals 
and Physical Chemistry of Surfaces 2010, 46, 456.
Virgens C., Rangel M.: 10. Influence of the preparation method on the textural 
properties of zirconia, React. Kinet. Catal. Lett. 2005, 84, 183.
Saraidarov T., Reisfeld R.: 11. Synthesis and Characterization of Lead Sulfide 
Nanoparticles in Zirconia – Silica – Urethane Thin Films Prepared by the Sol-
Gel Process, Journal of Sol-Gel Science and Technology 2003, 26, 533.
Snytnikov V., Dubov D., Zaikovskii V., Ivanova A., Stoyanovskii V., Parmon 12. 
V.: Production of Nanomaterials by Vaporizing Ceramic Targets Irradiated 
by Moderate-Power Continuous-Vave CO2 Laser, Journal of Applied Mechanics 
and Technical Physics 2007, 48, 292.
Rodrigues C., Ferreira O., Alves O.: 13. Nanostructures of sodium titanate/
zirconium oxide, J. Nanopart. Res. 2010, 12, 2355.
Monopoli A., Nacci A., Calo V., Ciminale F., Cotugno P., Mangone A., 14. 
Giannossa L., Azzone P., Cioffi N.: Palladium/Zirconium Oxide Nanocomposite 
as a Highly Recyclable catalyst for C-C Coupling Reactions In Water, Molecules 
2010, 15, 4511.
Romanova R., Petrova E.: 15. Phase Composition of Aluminum-Zirconium Oxide 
Nanocrystals Prepared by Electrochemical Coprecipitation, Russian Journal of 
Physical Chemistry 2006, 80, 974.
Reddy J., Sayari A.: 16. Nanoporous zirconium oxide preparated using the 
supramolecular templating approach, Catalysis Letters 1996, 38, 219.
Arantes T., Mambrini G., Stroppa D., Leite E., Longo E., Ramirez A., 17. 
Camargo E.: Stable colloidal suspensions of nanostructured zirconium oxide 
synthesized by hydrothermal process, J. Nanopart Res. 2010, 10, 1007.
Vaivars G., Mokrani T., Hendricks N., Linkov V.: 18. Inorganic membranes 
based on zirconium phosphate for fuel cell, J. Solid State Electrochem. 
2004, 8, 882.
Tanuma T., Okamoto H., Ohnishi K., Morikawa S. Suzuki T.: 19. Activated 
zirconium oxide catalysts to synthesize dichloropentafluoropropane by the 
reaction of dichlorofluoromethane with tetrafluoroethylene, Applied Catalysis 
2009, 359, 1.
Citak D., Tuzen M., Soylak M.: 20. Simultaneous coprecipitation of lead, cobalt, 
copper, cadium, iron and nickel in ford samples with zirconium (IV) hydroxide 
priori to their flame atomic absorption spectrometric determination, Ford. 
Chem. Toxicol. 2009, 47, 2302.
Chitrakar R., Tezuka S., Sonoda A., Sakane K., Ooi K., Hirotsu T.: 21. Selective 
adsorption of phospate from seawater and wastewater by amorphous zirconium 
hydroxide, J. Colloid. Interface Sci. 2005, 15, 426.
Palmer D., Machesky M., Benezeth P., Wesolowski D., Anovitz L., Deshon 22. 
J.: Adsorption of Ions on Zirconium Oxide Surfaces from Aqueous Solutions at 
High Temperatures, J. Solution Chem. 2009, 38, 907.
Patent 5948265 Stany Zjednoczone.23. 
Patent 5536415 Stany Zjednoczone.24. 
Patent 4414678 Stany Zjednoczone.25. 
Patent 4488949 Stany Zjednoczone.26. 
Patent 4692431 Stany Zjednoczone.27. 
Patent 6–22935 Japonia.28. 
Patent 5071563 Stany Zjednoczone.29. 

Patent 5618437 Stany Zjednoczone.30. 
Patent 6077809 Stany Zjednoczone.31. 
Lee S., Lee B. C., Lee K. Y., Lee S. H., Iwamoto M.: 32. Phosphate sorption 
characteristics of zirconium meso-structure synthesized under different 
conditions, Environmental Technology 2007, 28, 785.
Patent 0141904A1 Stany Zjednoczone.33. 
Patent 0102562A1 Stany Zjednoczone.34. 
Patent 4178270 Stany Zjednoczone.35. 
Zheng Y. M., Lim S. F., Chen J. P.: 36. Preparation and characterization of 
zirconium-based magnetic sorbent for arsenate removal, Journal of Colloid 
and Interface Science 2009, 338, 22.
Qureshi S. Z., Ahmad I., Khayer M. R.: 37. Synthesis and physical studies on a new 
anion exchange material: zirconium(IV) ethylenediamine and its application 
to the separation of MoO4

2- from other anionic species, Ann. Chim. Sci. Mat. 
1999, 24, 531.
Patent 0078387A1 Stany Zjednoczone.38. 
Bunikowska B., Synowiec: Praca niepublikowana IChN, nr ew. 4200 (2000). 39. 

Barbara SOŁTYSIK – M.Sc., (Eng.), graduated from the Faculty of Che-
mistry at Silesian University of Technology in 1986, specialization: Techno-
logy of Oil and Coal. In 2002 she completed postgraduate studies “Quali-
ty management according to international standards”. An assistant in the 
Inorganic Chemistry Division of New Chemical Syntheses Institute “IChN” 
in Gliwice. Research interests: analytics and chemical technology.

e-mail: barbara.soltysik@ichn.gliwice.pl, phone: +48 32 2313051

Jolanta MIŚKIEWICZ – M.Sc., (Eng.), graduated from the Faculty of 
Chemistry at Silesian University of Technology in 1984. She is the Head of 
the Process Engineering and Special Inorganic Compounds Department 
in the Inorganic Chemistry Division of New Chemical Syntheses Institute 
“IChN” in Gliwice.

e-mail: jolanta.miskiewicz@ichn.gliwice.pl, phone: +48 32 2313051

Mariola BODZEK-KOCHEL – Ph.D., (Eng.), graduated from the Fa-
culty of Chemistry at Silesian University of Technology in 1998. In 2004 
she received her Ph.D. in the field of chemical engineering at the same 
Faculty. Currently she is a Director of Inorganic Chemistry Division of 
New Chemical Syntheses Institute “IChN” in Gliwice. Area of expertise: 
engineering and chemical technology.

e-mail: mariola.bodzek-kochel@ichn.gliwice.pl, phone: +48 32 2313051

Joanna GLUZIŃSKA – Ph.D., (Eng.), graduated from the Faculty of Mi-
ning at the AGH University of Science and Technology in Krakow in 1996. 
In 2006 she received her Ph.D. at the Faculty of Chemistry of the Institute 
of Inorganic Technology and Mineral Fertilizers at Wroclaw University of 
Science and Technology. Currently she is Deputy Director for Technical 
and Marketing Matters in the Inorganic Chemistry Division of New Che-
mical Syntheses Institute “IChN” in Gliwice. Research interests: inorganic 
chemical technology, sewage treatment, waste disposal.

e-mail: joanna.gluzinska@ichn.gliwice.pl, phone: +48 32 2313051

Marzena PYSZ – M.Sc., (Eng.), graduated from the Faculty of Chemistry 
at Silesian University of Technology in 2009. A graduate of postgraduate 
studies at the University of Lodz “Safety in use and management of che-
micals”. In the Inorganic Chemistry Division of New Chemical Syntheses 
Institute “IChN” in Gliwice she works at the position of manager of Mar-
keting and Commercial Department and Representative of Director for 
Chemicals Management. Research interests: environmental protection.

e-mail: marzena.pysz@ichn.gliwice.pl, phone: +48 32 2313051


