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Abstract

In this manuscript, efficiency of the used organic solvent for recovering, separating and producing highly purified zirconium
oxide from zirconium chloride leach liquor of Rosetta white zircon concentrate was investigated. Zircon mineral was ther-
mally decomposed with caustic soda, cooled, washed with distilled water and then dissolved in hydrochloric acid. Zirconium
extraction efficiency reached 91.4% using 10% bis-(2-ethylhexyl) phosphate dissolved in kerosene, 15 min contact time and
volume phase ratio O/A 1:1 after 3 stages. Zirconium re-extraction efficiency reached 99.95% using the following optimum
conditions 4 molL.™! H,SO, as an effective stripping agent, 15 min contact time and volume phase ratio O:A 1:1 after 2
stages. Finally, Zr (OH), was precipitated in presence and absence of H,O, by NH,OH solution, filtrated, rinsed with double
distilled H,O to remove any impurities several times and dehydrated at 200 °C for 2 h. From XRF and EDAX analysis the
produced zirconium oxide in presence of H,0, is purer than that produced in absence of H,O,.

Keywords Zircon mineral - Separation - Bis-(2-ethylhexyl) phosphate and purification

Introduction

Zirconia has excellent mechanistic, thermic, electrified,
chemical and visual properties which made it attracted a
great concern as a high-technological matter for process-
ing use such as enamels, glazes, pigments in ceramic manu-
facture, refractory materials, foundry mold, piezoelectric
crystals and catalyst in organic reactions (Mohamed and
Daher 2002; Rajmane et al. 2006). Because of its superior
rustiness resistance it is used as a structural material in
nuclear industry and also used as a covering material for
fuel rods in nuclear reactors due to its low neutron intake
cross section. Also, zirconium can be used for synthesis of
inorganic ion exchangers such as zirconium phosphate and
zirconium silico-tungstate which were used for uranium
sorption from nuclear waste solutions, (Ali 2018; Eliwa and
Mubarak 2021). Due to its wide importance and applications
in various fields, prompted the scientists for searching on
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different chemical methods for zirconium extraction from
its resources.

Zirconium metal is naturally occurring in two minerals,
zircon (ZrSi0O,) is the most abundant source of zirconia and
baddeleyite (ZrO,) which is the less abundance mineral (Elvers
et al. 1989; Suriyachat 1992). Zircon mineral is vastly spread
in ground as an ingredient of igneous, metamorphic, sedimen-
tary rocks and heavy residual of rocks or beach sand which is
a blend of heavy minerals. Zircon should be isolated from that
blend using wet physical upgrading followed by magnetic and
electrostatic separation (Abdel-Rahim 2005). Zircon mineral
is chemically very stable. For extracting ZrO, from zircon the
bonds between ZrO, and SiO, should be cracked chemically
or thermally. Several techniques were applied to separate ZrO,
from its sources such as, alkaline dissociation (MacDonald
et al. 1982; Krishnan et al. 1986), treatment by chlorine (Man-
ich et al. 1974), smelting in presence of reducing agents (Bal-
lard and Marshall 1950), production of calcium zirconate and
zirconium oxide or its salts by reacting zircon with a sufficient
quantity of lime stone to produce calcium zirconate and trical-
cium silicate (Schoenlaub 1955, 1974), hydrothermal treat-
ments for zircon (Wikes 1972). Highly purified ZrO, prepara-
tion was carried out by zircon thermal decomposition followed
by wet chemical processing (Staumbaugh and Millier 1983),
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spray pyrolysis of zirconium-containing solutions (Zhang and
Messing 1990), zirconium oxychloride separation by crystal-
lization (McBerty 1946), and zirconium purification using
a basic sulfate precipitation (Nielson and Govro 1956) and
hydrated sulfate (Clabaugh and Gilchrist 1952). (Rolf 1961),
used liquid—liquid extraction technique to produce zirconium
free from impurities and hafnium.

Many solvent extraction investigations were carried out
for extracting zirconium from different solutions as, organo-
phosphorus compounds includes TBP (Aliakbari et al. 2014),
TOPO (Banda et al. 2013), TRPO (trialkylphosphine oxide)
(Xu et al. 2012), Cyanex301 and 302 (Saberyan et al. 2008,
2010), Cyanex272 (Taghizadeh et al. 2009), Cyanex923
(Taghizadeh et al. 2011), Cyanex921 (El Shafie et al. 2014),
amines (Lakshmanan et al. 2014), D,EHPA (Taghizadeh
et al. 2009; De beer et al. 2016) used Ionquest 801 to separate
hafnium from zirconium these investigations showed a good
results for extracting zirconium.

The current work deals with evaluating bis-(2-ethylhexyl)
phosphate as a novel and a promising extractant for producing
highly purified zirconium oxide (free from hafnium and any
impurities) from prepared zirconium chloride leach liquor after
alkaline fusion of Egyptian Rosetta white zircon. The different
parameters controlling the separation process as volume phase
ratio (O:A), solvent concentration, shaking time and diluents
type were investigated. The feasibility of using bis-(2-ethyl-
hexyl) phosphate for zirconium separation was evaluated by
stripping studies. The other factors affecting on zirconium
re-extraction from loaded organic like; stripping agent type,
stripping agent concentration and contact time were studied
to determine the optimal conditions for extraction, separa-
tion and purification of zirconium. In addition, construction
of McCabe-Thiele diagrams from the experimental data of
zirconium extraction and stripping respectively to determine
the required stages of extraction and stripping in the counter-
current scheme. Finally, an experimental separation process
flow chart for the whole process has proposed.

Experimental

All chemicals used as received without further purification
like, xylenol orange (XO), octa-hydrated zirconium oxychlo-
ride (ZrOCl,-8H,0, 98%), HCI acid, NaOH and HNO; acid,
H,SO, acid and bis-(2-ethylhexyl) phosphate were purchased
from Merck. A typical analysis of Egyptian Rosetta white

Table 1 XRF analysis of white zircon mineral and dried fused zircon cake

zircon mineral and the dried fused cake after water washing is
given below in Table 1 and Fig. 1.

Preparation of zirconium chloride solution

In a stainless steel crucible; 250 g of white zircon was ther-
mally decomposed with 312 g of sodium hydroxide (NaOH)
pellets in an electric furnace at 650 °C, the produced smelt
consists of water insoluble sodium zirconate (Na,ZrO;)
and water soluble sodium silicate (Na,SiO5) as shown by
equation:

ZrSiO, + 4NaOH — Na,ZrO; + Na,SiO; + 2H,0

The fused product cooled, and then mixed with excess
distilled water at 60 °C with stirring for 2 h to dissolve
sodium silicate in this step, Na,SiOj; is dissolved to a large
extent and a small portion of Na,ZrO; is converted to
hydrated zirconia:

Na,ZrO5 + nH,0 — ZrO,(n — 1)H,0 + 2NaOH

Filtration on hot, and then dissolve the solid residual pre-
cipitate (Na,ZrO;) in HCI at 90 °C, agitation for 2 h then
directly filtered giving zirconium chloride solution and the
solid residual, which at most consists of unreacted zircon,
TiO,, Al,O5, ThO, and H,SiO; as given in the following
equation:

Na,ZrO; + 4HCI — ZrOCl, + 2NaCl + 2H,0

Extraction of zirconium using bis-(2-ethylhexyl)
phosphate

In 50 mL beaker 10 mL of prepared zirconium chloride
solution (12.01 gL.™!) was mixed with different volumes of
diluted bis-(2-ethylhexyl) phosphate and vigorous agitation
was achieved by magnetic stirrer at room temperature for set
periods of time the extraction experiments were performed
twice and sometimes triple. A separating funnel was used
to separate the two phases after 5 min settling time and the
aqueous samples were analyzed. Variables impacting on
the extraction process were studied in details. Zirconium
concentration in organic phase is calculated by subtracting
its concentrations in the aqueous phases before and after
extraction. The extraction efficiency (capacity) (%E) was

Compound weight (%) 7r0,+HfO, Sio, Fe,0; TiO, MgO CaO Al,O4 K,0 Na,O P,0;
Zircon mineral 70.096 27.41 2.039 0.02 0.01 0.06 <0.01 <0.01 0.065
Dried fused zircon cake 72.759 3.116  0.577 0.019 0.009 0.006 0.008 1.532 0.037
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Fig. 1 EDAX analysis for zircon mineral and dried fused zircon cake
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calculated by Eq. (1). Distribution coefficient (Dj) of metal
ion (M =Zr"*) was calculated as represented in Eq. (2).

%E = (M, — [M],,)/[M];,) * 100 )

DE = [M]org./[M]aq. (2)

[M],, is zirconium initial concentration in aqueous phase;
[A/[]aq‘ and [M]Org. refer to zirconium ions concentrations in
aqueous and organic phases at equilibrium respectively.

Zirconium stripping from loaded bis-(2-ethylhexyl)
phosphate

Batch stripping experiments were performed twice and
sometimes triplicate on loaded organic solution bis-(2-eth-
ylhexyl) phosphate, in 50 mL beaker a mixture of 20 mL
(10.974 gL™") and certain volumes of stripping agent was
shaked vigorously using magnetic stirrer and at room tem-
perature for certain contact times. A separatory funnel was
used to separate the mixture after 5 min settling time. Test
portion of the aqueous samples were removed by pipet for
analysis. The controlling factors of the re-extraction process
were investigated in details as, type of stripping agent, strip-
ping agent concentration and contact time. The stripping
efficiency (%S) calculated using Eq. (3):

Stripping efficiency (%S) = [M],,)/[M]o,,) * 100 3)

Determination of zirconium

Xylenol orange (XO) method was used to analyze zirco-
nium concentration in the aqueous phases versus a series

Fig.2 Diluents type effect on 120 -
zirconium extraction efficiency
and distribution coefficient

100 -
80 -
60 -
40 -

20 -

Kerosene Benzene

@ Springer

of standard Zr (IV) solutions by placing the sample solution
its concentration not exceed than 30 pg of Zr in a 25 mL
volumetric flask, add 1 mL of 1% ascorbic acid solution,
and 1 mL of XO (0.05%) solution, complete the volume with
0.6 molL~" HC1 to the mark, and mix well. After 10 min
measure the absorbance at 532 nm using a Lambda 3 UV/
VIS spectrophotometer (PerkinElmer, USA), using a reagent
blank solution as reference (Marczenko 1976).

Characterization of ZrO, product

The produced zirconia ZrO, was analyzed by EDAX model
Philips XL 30 ESEM (25-30 k eV accelerating voltage,
1-2 mm beam diameter and 60-120 s counting time, BSE
detector) and X-ray fluorescence technique (XRF Model
geol-gsx3222), was applied for the quantitative determina-
tion of the trace elements to determine its purity.

Results and discussion
Diluents type effect

Five diluents (Benzene, Toluene, xylene, 2-octanol and
kerosene) were used to study its effect on the extraction
efficiency and distribution coefficient; while the other
variables were kept constant like 10% bis-(2-ethylhexyl)
phosphate, volume phase ratio O/A 1:1 and 15 min contact
time. Figure 2 showed those zirconium extraction capacity
and distribution coefficient were affected by diluents type.
Maximum extraction capacity and distribution coefficient
(E%=91.40%, D=10.63) were reached when kerosene used.
Benzene being the closer in efficiency (83.1%, D=4.91).

M Extraction Efficiency, (% E)

m Distribution Coefficent, (D)

2- Octanol

Toluene

Xylene
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Effect of organic solvent concentration

Experiments were carried out to study the effect of organic
solvent concentration on zirconium extraction efficiency
and distribution coefficient using bis-(2-ethylhexyl) phos-
phate as organic solvent its concentration was changed from
(2.5-15%) while other conditions were fixed as; volume
phase ratio O:A is 1:1, kerosene and contact time 15 min.
The obtained results illustrated on Fig. 3 showed that; the
maximal zirconium extraction efficiency and distribu-
tion coefficient (E% increased from 38.71 to 91.4% and D

Fig.3 Solvent concentration
effect on zirconium extraction
efficiency and distribution coef- 100 =
ficient
80 -
70 =

60 -

40 -
30 -

20 -

== Extraction Efficiency, (% E)

increased from 0.63 to 10.63) were achieved at 10%. By
increasing concentration over 10% there is no noticeable
change in either extraction efficiency or distribution coef-
ficient, so that the optimal solvent concentration is 10%.

Contact time effect
The influence of contact time on zirconium extrac-
tion efficiency and distribution coefficient from chlo-

ride acid medium was studied in the interval 1-30 min,
keeping the other extraction conditions constant as 10%

== Distribution Coefficent, (D)

= »—

=== o

Fig.4 Contact time effect on
zirconium extraction efficiency
and distribution coefficient 120

100 -

80 -
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20 -

—— Extraction Efficiency, (% E)

- T T T T ]

5 7.5 10 12.5 15 17.5

Solvent concentration, (%)

= Distribution Coefficent, (D)
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bis-(2-ethylhexyl) phosphate dissolved in kerosene and vol-
ume phase ration (O:A) 1:1. Figure 4 showed that; extraction
efficiency reaches 91.4% (E% increased from 7.64 to 91.4%),
and distribution coefficient reached 10.63 (D increased from
0.083 to 10.63) in 15 min and did not considerably changed
at longer contact times. Finally, 15 min was taken as the
optimal time for extracting zirconium from chloride media.

Effect of volume phase ratio organic solvent (0):
aqueous solution (A)

The influence of volume phase ratio (O/A) on extraction
capacity and distribution coefficient was evaluated by vary-
ing volume phase ratio O:A (from 4:1 to 1:4) using 10%
bis-(2-ethylhexyl) phosphate dissolved in kerosene at contact
time 15 min. Figure 5 showed that (E% slightly increased
from 91.4 to 95.07%, D increased from 10.63 to 19.3) by
increasing O:A ratio from 1:1 to 4:1 on the other hand, (E%
highly reduced from 91.4 to 5%, D reduced from 10.63 to
0.058) with increasing aqueous volume from 1:1 to 1:4, so
that the optimum volume phase ratio for zirconium extrac-
tion from its acidic medium by bis-(2-ethylhexyl) phosphate
was 1:1 (O: A).

Distribution isotherm equilibrium curve

The diagram illustrating the relationship between zirconium
concentrations in organic layer versus its concentrations in
aqueous layer after extraction (raffinate) at a given tempera-
ture is called distribution isotherm. Distribution isotherm
can be plotted for either extraction process (extraction iso-
therm) or stripping process (stripping isotherm).

Two methods were used for obtaining extraction iso-
therm data: (i)"phase ratio variation" i.e. a fixed volume

of aqueous feed (input leach liquor) is contacted with dif-
ferent volumes of organic solvent for only one time, (ii)- or
by "saturation process" i.e. the same a liquot of organic
solvent is contacted several times with several a liquots of
fresh input leach liquor. Composite plot of the distribution
isotherm and the operating line is called Mc-Cabe Thiele
diagram. The operating line could be established by only
one point, which corresponds to the final raffinate com-
position and the ratios of the aqueous to organic phases
that determines the slope of the line, as it is a straight
line. The diagram can be used to evaluate the extraction
results and to approximate the number of theoretical stages
(trays) required to achieve a desired degree of separation
process. In this study, organic solvent (10% bis-(2-ethyl-
hexyl) phosphate dissolved in kerosene) were contacted
with fresh aqueous solution [i.e. saturation method keep-
ing volume phase ratio (O/A) constant], at the optimum
conditions previously determined; contact time 15 min and
at room temperature, the mixture was separated by sepa-
rating funnel and the aqueous phase was analyzed. The
equilibrium line is then established by plotting zirconium
concentration in organic phase against its concentration in
aqueous phase as represented on Fig. 6 (Robbins, 1981).
The next step in the construction of Mc-Cabe Thiele dia-
gram was to try a number of operating lines at slope equal
to the ratio of aqueous / organic volumes. At each operat-
ing line, the theoretical number of stages could be stepped
off upon the diagram as in Fig. 6. It is clear that, three
theoretical stages are quite suitable for zirconium extrac-
tion using bis-(2-ethylhexyl) phosphate. Mc-Cabe Thiele
diagram was constructed to define the required stages of
extraction in the countercurrent scheme.

Fig.5 Volume phase ratio
effect on zirconium extraction

—— Extraction Efficiency, (% E)

—&— Distribution Coefficent, (D)
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Fig.6 Mc-Cabe Thiele diagram for zirconium extraction by bis-
(2-ethylhexyl) phosphate

Zirconium re-extraction from loaded
bis-(2-ethylhexyl) phosphate

Batch experiments were carried out to study the fac-
tors affecting on zirconium stripping efficiency from
loaded bis-(2-ethylhexyl) phosphate. Different stripping
agents were contacted with the loaded organic solvent
(10.974 gL~! of Zr*%); with extraction efficiency 91.4%.
The re-extraction efficiency calculated relative to the ini-
tial amount of Zr** loaded onto organic solvent. The perti-
nent factors controlling zirconium stripping were studied,
which include:

N
wv

N
o

iy

w
o
B

Stripping Efficiency, (S%)

=
o

2

o : . — .

HNO3 HCl H2S04 D. H20
Stripping agent

Fig.7 Effect of stripping agent type on zirconium stripping efficiency
from loaded bis-(2-ethylhexyl) phosphate

Effect of stripping agent type

Different aqueous solutions of ImolL™! (HCIL, HNOj; and
H,S0O, and double distilled water) were tested, while other
factors kept fixed as volume phase ratio A: O 1:1 and con-
tact time 15 min. Figure 7 represents the results, it is clear
that, the maximal stripping percentage (S% was 31.4%) was
reached with H,SO,, HCI being the next in performance
27%).

Effect of H,SO,concentration on zirconium stripping
efficiency from loaded organic

The influence of stripping agent (H,SO,) concentration
on zirconium stripping from loaded organic was studied
using different concentrations varied from (0.5-5 molL_l)’
while other factors kept fixed, volume phase ratio 1:1, at
room temperature and contact time 15 min. The obtained
results are represented in Fig. 8; the results showed that the
maximum stripping efficiency (%S 99.95%) was reached at
4 molL""H,SO, concentration after that it remains constant,
so 4 molL~! was chosen as the optimum concentration.

Effect of contact time

The impact of contact time on zirconium re-extraction from
loaded organic was studied by varying time from 5 to 30 min
while other factors were kept fixed as, volume phase ratio
A:0 1:1 and 4 molL ™! H,SO, stripping agent. By increasing
contact time from 5 to 15 min the stripping efficiency (5%
increased from 45.9 to 99.95%) increased till reached its
maximum value at 15 min, after that it was almost fixed as
shown by Fig. 9. It is clear that the best contact time for zir-
conium stripping from loaded bis-(2-ethylhezyl) phosphate
is 15 min.

120 +
100 -
80
60 -

40 -

Stripping efficiency, (%)

20 -

0 1 2 3 4 5 6
H,SO, concentration, (M)

Fig. 8 Effect of stripping agent concentration on zirconium stripping
efficiency from loaded bis-(2-ethylhexyl) phosphate
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Stripping efficiency, (S%)
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Fig.9 Effect of contact time on zirconium stripping efficiency from
loaded bis-(2-ethylhexyl phosphate

Distribution isotherm equilibrium curve

A certain volume of aqueous phase (4 molL.™! H,S0,) was
contacted for 15 min with various aliquots of fresh loaded
organic until equilibrium is reached keeping volume phase
ratio fixed (A:O) at 1:1. A measured test aqueous sample
was taken for zirconium analysis. This process was carried
out until saturation of the aqueous phase with zirconium is
obtained. The results represented on Fig. 10, by construction
of Mc-Cabe Thiele diagram for zirconium stripping from
loaded bis-(2-ethylhexyl) phosphate, it is clear that two
stages are sufficient for zirconium stripping from loaded
organic.

Fig. 10 Mc-Cabe Thiele dia-
gram for zirconium stripping
from loaded bis-(2-ethylhexyl)
phosphate

12000 =

10000 +

8000 +

6000 -+

4000 +

2000 +

Concentration of Zr in organic phase, (mg/L)

Precipitation stage
Precipitation of Zirconia

After stripping process, zirconium-loaded solution was put
in a beaker for precipitation by adding ammonium hydrox-
ide (in presence and absence of H,O, to evaluate its ability
for separating zirconium from hafnium and reducing impu-
rities in the produced zirconia). Zirconium hydroxide was
precipitated at pH 9, filtered and washed several times with
double distilled water. And this precipitates were dehydrated
in an electric oven at 200 °C for 2 h. This temperature will
not affect on zirconia crystallization and conductivity this
agreed with (Graham King et al 2018) who investigated the
effect of calcination temperature, local structure of Zr(OH),
and its thermal decomposition into ZrO,. It was found that
Heating up to 125 °C results in significant water loss but
does not alter the network of Zr and bridging O atoms and
the Zr connectivity is unaffected. Additional water loss
caused by heating to 250 °C causes a transition to a new
amorphous phase with a similar correlation length. The pro-
duced zirconium oxides were used for complete characteri-
zation. Table 2 shows XRF analysis; Fig. 11 shows EDAX
analysis for the purified products.

From EDAX and XRF analysis of the produced zirco-
nium oxide it is clear that; the produced zirconium oxide
in presence of H,O, is highly purified than that produced
in absence of H,0,. The investigation allows the proposal
of a general flow sheet for the production of highly purified
zirconium oxide from Egyptian zircon as shown in Fig. 12.

lst

5000

10000 15000 20000 25000

Concentration of Zr in aqueous phase, (mg/L)
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Table 2 XRF Analysis of
produced zirconium oxide in
presence and absence of H,0,

Compound weight (mg L™!)  HfO,

Si0, Fe,0, TiO, MgO CaO ALO, K,0 Na,O P,0;

Zircon oxide/(H,0,) 105

99 880 48 23 23 76 4 10 87

Zircon oxide 150 110 1020 56 25 26 8 10 20 99
Zr Element Weight (%)

Si 1.48

Hf 1.44

Zr 97.08

Zirconium oxide in presence of H,0, ]

Zr

i ok ik ari e b e Lamdd i LL.H_L-........-. ............. cans

4190 6.90

690 1090

1290 1490 1690 1890 2090

Zr Element Weight (%)

Si 1.41

Hf 3.66

Zr 94.93

Zirconium oxide in absence of H,0, ] o LD &
dshy 508

[ Zr

Hf
FACTYRTITIT [ PRNTPPTT AT W TTTIPY STt RN T TEY A TOPY W AT RTT ST TRU PRI Ty

2.90 4.90 6.90 §.90 10.90 12.90 14.90 16.90 18.90 20.90

Fig. 11 EDAX analysis for purified zirconia in presence and absence of H,0,
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250 g white zircon

[ ¢— 312g NaOH/ 650°C/ 2h
D.H,0/ 60°C/2h ——— >

A 4

Slurry

«—— Filtration

v
Solid residual Na,ZrO;

A 4

Sodium silicate solution

—— Conc. HC1/90°C/2h

le——— Filtration
v

Unreacted zircon and impurities Zirconium chloride solution

<+—— Aging 3-4 days & filtration
v

A 4 y

Solution Hydrated zirconium oxy chloride

—— Conc. HCI
v

Zirconium chloride solution

le—— 10% bis-(2-ethylhexyl) phosphate/ kerosene

Loaded organic Aqueous raffinate

4 M H,SOq4 JE—

Aqueous zirconium solution Organic

NH4OH, adjust pH=9 ',}
Drying at 200°C/2h,  7rO,

Zirconium hydroxide

Fig. 12 Proposed flow sheet for the preparation of highly purified zirconia using bis-(2-ethylhexyl) phosphate

Conclusions type used and volume phase ratio (O:A) were studied. It
was found that the optimum conditions for extracting zirco-
Bis-(2-ethylhexyl) phosphate was used for zirconium extrac- ~ nium were 10% of bis-(2-ethylhexyl) phosphate dissolved

tion from its chloride solution, various factors affecting this ~ in kerosene and 15 min contact time at volume phase ratio
process as; solvent concentration, contact time, diluents ~ (1:1) which achieved maximum zirconium ions extraction
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efficiency 91.4%. Additionally 4 molL ™! H,SO, was chosen
to be the best stripping agent for re-extracting zirconium at
15 min from loaded organic with efficiency 99.95%. The
produced zirconium oxide in presence of H,0, is more pure
than that produced in absence of H,O,.
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