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ABSTRACT

Processing of the beryl from received geological sample collected from Eastern Desert
of Egypt has been studied via acidic fusion process using K>SO, under different factors.
The recovery of beryllium from the prepared sulfate solution has been accomplished by
solvent extraction namely; TOA. The optimum conditions for sulfate fusion for almost
complete breakdown of beryllium guarantee 1/3 ore/salt ratio at 550°C for 3.5 h. The
relevant conditions for the extraction and stripping of beryllium by trioctyl amine
determined. The studied optimum extraction conditions involved 8 x 103M TOA
concentration, 1/1 O/A ratio at a pH of 0.8 and 15 min. Beryllium was stripped by 1.5M
H,SO, solution in 1/1 O/A ratio for 20 min. From the corresponding McCabe- Thiele
diagrams, it was noticed that 3 theoretical stages for each of the extraction and stripping
separately were required. From the stripped solution, beryllium was precipitated as
beryllium hydroxide at pH 9 using 10% NaOH solution. The produced beryllium
hydroxide has then been properly dried at 150 °C for 1 hr and analyzed using AAS.
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1. INTRODUCTION

One of the metallic elements that are used in the nuclear and aviation industries is
beryllium (Be), which is considered light in weight. Beryllium is currently derived from
beryl ore (BesAl,SigO1s) 8. The latter is the principal beryllium mineral mind in Umm
Addebaa area, the Eastern Desert of Egypt which contains about 1-4% beryllium. © 1.

The processing and dissolution of beryllium from beryl containing geological samples is
considerably more difficult process due to the refractory nature of the mineral with
mineral acids except hydrofluoric acid. Therefore, dissolution of Be from beryl
containing geological samples is generally carried out by two routes; the sulfate
pathway or the fluoride pathway. 24,

The sulfate pathway involved ore fusion with sodium (potassium) hydroxide and alkali
carbonate as shown in equation 1, and then cooling with water to breakdown the crystal
structure of beryl followed by leaching in sulfuric acid. The produced leach liquor
contained mainly beryllium beside aluminum and other impurities. Zaki et al., 2005 and
Baba et al., 2017 studied the treatment of the aforementioned solution through selective
precipitation using ammonia solution and solvent extraction methods to obtain
beryllium hydroxide and ammonium alum left behind in the solution. ™' **! The fluoride
pathway however involved leaching of beryl containing geological samples with
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sodium silico fluoride or sodium ferric fluoride as shown in equations 2 and 3. Here, the

salt converts the beryllium into water-soluble sodium beryllium fluoride. & ¢!
3Be0.Al;,03.6Si0;, + 12 NaOH — 3BeO.Al,03 + 6 Na,SiO3 + 6 H,0 ............. @
3Be0.Al,03.6Si0, + 6 Na,SiFs — 3 Na,BeF, + 2 NazAlFg + 9 SiO, + 3 SiF, (2)
3Be0.Al,03.6Si0, + 2 NagFeFg¢ — 3 Na,BeF4 + Fe,O3 + AlL,O3 + 6SiOs ........... (3)

Liquid-liquid extraction technique is one of the most important processes used to
separate and purify beryllium from its solutions, as it is considered economical,
practical and fast. This involved separation of Be from aluminum by di-2-ethylhexyl
phosphoric acid (HDEHP) and Cyanex 921 (commercial TOPO) from beryl sulfate
solutions and the extraction is affected by changes in pH & ¥l In addition, TBP,
Aliquat 336 and DEHPA are used for separation of beryllium from sulfate and chloride
respectively 1% 22 Cyanex 272 in kerosene is also used for extraction and separation Al
and Be from sulfate pregnant solution of a Nigerian beryl ore and the extraction rate is
high. With change of pH, Be is separated from the stripping solution through
precipitation at pH 3 %,

The current study dealt with the chemical treatment of beryl from received geological
sample collected from Umm Addebaa area, Eastern Desert of Egypt for the recovery of
Be metal value. For this purpose, the working sample of beryl ore has been subjected to
chemical analysis and processing via potassium sulfate fusion. The relevant factors for
the beryllium fusion step were studied, followed by washing the fused cake with
distilled water, as the beryllium dissolved with some impurities. Extraction of beryllium
in particular requires the use of solvent extraction technique by TOA.

2. EXPERIMENTAL

2.1. Chemical Characterization

To determine the chemical composition, about 50 g sample weight was separated by
quartering from the finely crushed representative sample before being ground down to —
200 mesh size. The sample was opened by a mixture of acids (HF, HCl and HNO3). The
pulverized sample was then analyzed using the conventional wet chemical procedures
given by Shapiro and Bannock (1962), ! where SiO, Al,0; and P,Os were
spectrophotometrically analyzed. Na was determined by flame photometry. CaO, MgO
and total Fe,O3; were determined titrimetrically through murexide, Eriochrome black T
and sulfosalcylic acid indicators respectively. Known sample weights were used to
estimate the loss of ignition at various temperature degrees. On the other hand,
beryllium was analyzed using atomic absorption technique in the Egyptian Chemical
Warfare laboratories.

2.2. Experimental Procedures

2.2.1. Potassium sulfate fusion of the beryl ore

Multiple fusion experiments were carried out on a sample of beryl ore using K,SO,. For
this purpose, different amounts of K,SO4 were mixed with a constant weight of the ore
sample (10 g) in a nickel crucible for variable periods of time at variable temperatures.
The resulted melt was then cooled, washed by a sufficient amount of hot distilled water,
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filtered and made up to volume for beryllium analysis, which the leaching efficiency
was calculated.

2.2.2. Solvent extraction of beryllium

To study the beryllium extraction, a 500 g sample weight of the working beryl ore was
subjected to K,;SO,4 fusion under the best fusion conditions followed by cooling and
specific washing of the slurry. From the resulted sulfate liquor, Be was extracted using
TOA as organic solvent. Different concentrations of the solvent are prepared by diluting
it in kerosene. After each extraction experiment, an aliquot sample of the aqueous phase
was analyzed for its remaining metal content in order to calculate the extraction
efficiency.

Factors related to solvent extraction were studied, namely TOA concentration, the
contact time, the leach liquor pH and aqueous/ organic ratio (A/O). On the other hand, a
sample of solvent loaded was prepared for studying the stripping behavior of the
beryllium.

2.3. Control Analysis
In all the experiments, beryllium was analyzed in all the working stream solutions using
atomic absorption technique (AAS), as well as a high-purity beryllium product.

3. RESULTS AND DISCUSSION

3.1. Material Characteristics

Chemical composition of the beryl ore shown in table 1 indicated that the main content
of the ore material is SiO, beside Al,O3 and Fe,O3 that attained 14.35% and 5.35%
respectively as well as high MgO content (3.09%). In the meantime, a total loss of
ignition of about 3.33% was obtained at 1000°C. On the other hand, analysis of BeO
assayed 1.4%.

Table (1): Chemical composition of Umm Addebaa beryl ore material.

Component
SiO,
Al,O3
CaO
MgO

Na,O
MnO
Fe203
L.O.1.
BeO
Total

3.2. Processing of Beryl Ore Material

As mentioned earlier, the potassium sulfate fusion has been used for the breakdown of
the beryl mineral. Improving factors relevant of this method are the fusion time and
temperature as well as the beryl ore / K,SO, ratio. After water leaching of the melt, the
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leached Be was analyzed and the dissolution efficiency determined followed by
recovery of beryllium via solvent extraction technique using TOA.

3.2.1. K,SO, fusion of Be

3.2.1.1. Effect of the fusion time

To study the effect of fusion time on dissolution of beryllium from the working beryl
ore, a series of experiments was carried out in the range of 1 to 4.5 hrs. Other conditions
were fixed at a beryl ore / K,SO, ratio of 1:1 and a temperature of 300°C. Then
dissolution for Be analysis to the final efficiency of dissolution.

From the obtained results listed in table 2, it is illustrated that increasing the fusion time
from 1 to 3.5 h has increased the dissolution efficiency of Be where it reached 39.1 % at
3.5 h. Further increasing the fusion time to 4 h and 4.5 h has not shown any perceptible
increase in beryllium dissolution thereafter.

Table (2): Effect of the fusion time upon the dissolution efficiency of beryllium.

Dissolution Efficiency of Be , %
13.61
19.00
24.80
28.00
34.50
39.10
39.30
39.60

3.2.1.2. Effect of the fusion temperature

The effect of fusion temperature upon the dissolution efficiency of beryllium from
working beryl ore material was studied in the range of 300 to 650°C. Other conditions
were fixed at a beryl ore / K;SO,4 ratio of 1:1 for 3.5 h. The dissolution efficiency of Be
after water dissolution given in table 3, give a gradual increase by increasing the fusion
temperature from 300 to 550°C where it estimated 69.5% at 550°C. Further increase in
the fusion temperature did not improve the beryllium dissolution thereafter.

Table (3): Effect of the fusion temperature upon
the dissolution efficiency of beryllium

Dissolution Efficiency of Be, %
39.10
45.80
52.50
58.00
62.30
69.50
69.70
70.00
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3.2.1.3. Effect of beryl ore / K;SO,4 ratio

To study the effect of ore / K,SO, ratio upon the dissolution efficiency of beryllium, a
set of experiments was performed using ratios ranging from 1:1 to 1:4 while the other
fusion conditions were fixed at 550 °C for 3.5 h. The results recorded in table 4,
illustrate that the dissolution efficiency of Be has reached 97.3% at 1/3 beryl ore /
K2SOq ratio.

Table (4): Effect of beryl ore / K,SO, ratio upon

the dissolution efficiency of beryllium.
I Beryl Ore / K;SO, Ratio Dissolution Efficiency of Be, % I
1/1 69.50
1/1.5 78.00

1/2 84.90

1/2.5 91.00
1/3 97.30
1/3.5 97.40

I 1/4 97.50 I

From the above-mentioned fusion factors of the beryl ore material, it can be decided
that the best conditions for dissolution of beryllium include:

Fusion time : 3.5 hrs.
Fusion temperature : 550°C.
Beryl ore / K;SO4ratio 1 1/3

3.2.2. Preparation of the sulfate leach liquor

The sulfate solution of beryl ore sample of Umm Addebaa area, Eastern Desert of Egypt
was prepared by applying the above optimum factors followed by washing and filtration
the slurry with distillated water to attain up to volume 2 L. Analysis of the prepared
sulfate liquor is shown in table 5. From the latter, the produced solution pH is 1.6 and
estimates 0.73 g/l Fe,0O3, 1.43 g/l Al,O3 and 3.40 g/l BeO with almost complete
dissolution of the latter. The reaction of beryl mineral with potassium sulfate
represented in the following equation 4:

3Be0.Al,03.6Si0; + 6 K,SO, —» 3 BeSO,4 + A|2(804)3 + 6 K,SiO3 ........... (4)

Table (5): Chemical analysis of the produced sulfate liquor.

Component Concentration, g/l
Fe,O; 0.73
Al,O3 1.43

BeO 3.40
pH 1.6

3.2.3. Extraction of Be
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3.2.3.1. TOA extraction of Be
The prepared sulfate solution is presented for the extraction of beryllium by
TOA/kerosene. The studied relevant factors affecting the beryllium extraction have
involved TOA concentration, the contact time and the leach liquor pH as well as the
aqueous/ organic ratio (A/O).

(i) Effect of contact time

Four experiments have been conducted to study the effect of contact time upon the
extraction efficiency of Be using TOA at different contact time periods ranging from 5
to 20 min. Other extraction factors were fixed at an O/A of 1:1 and using 3 x 10° M
TOA in kerosene at pH 1.6. From the obtained results shown in table 6, it is clear that
increasing the contact time from 5 to 15 min, increased the Be extraction efficiency
from 56.3 to 69.8 % respectively. Extending the contact time to 20 min resulted in a
decrease in the extraction efficiency of beryllium to 65.4 % and an optimum contact
time of 15 min was thus considered as the optimum value.

Table (6): Effect of contact time on the extraction efficiency of Be.

Contact Time, min. | Be Extraction efficiency, %
5 56.30
10 64.30
15 69.80
20 65.40

(i) Effect of pH of the prepared sulfate liquor

Six experiments have been conducted to study the effect of pH upon the extraction
efficiency of Be at different pH values ranging from pH 1.6 to 0.6. Other conditions
were fixed at an A/O of 1:1 and using 3 x 10> M TOA in kerosene for a contact time of
15 min. From the results shown in table 7, it is clear that the maximum Be extraction
efficiency (76.5 %) was reached at pH 0.8 and which was found to decrease thereafter.

Table (7): Effect of pH of the sulfate liquor on the extraction efficiency of Be.

Be Extraction efficiency, %
69.80
71.90
74.00
76.90
79.50
73.40

(iii) Effect of TOA concentration

Six experiments have been conducted to study the effect of TOA concentration upon the
Be extraction efficiency by shaking equal volumes of the sulfate leach liquor with TOA
solvent of different concentrations ranging from 3 x 102 to 8 x 10° M in kerosene at pH
0.8 for 15 min contact time.
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Table (8): Effect of TOA concentration on the extraction efficiency of Be.

I TOA Conc., M | Be Extraction efficiency, % I

3x107 79.50
4x10° 82.30

5x 107 86.80
6 x 10° 90.40
7x10° 94.30

| 8 x 107 98.90 |

From the obtained results shown in table 8, it is decided that extraction efficiency of Be
has increased from 79.50 to 98.90 % when the TOA concentration was increased from 3
x 10% to 8 x 10° M respectively. The latter was thus considered as the best
concentration for beryllium extraction from the prepared sulfate liquor of the working
beryl ore sample.

(iv) Construction of McCabe-Thiele extraction diagram

Investigation the effect of the aqueous / organic (v/v) phase ratio upon the extraction of
Be in the range of 3:1 down to 1:3 was studied depending on the prepared sulfate liquor.
Other extraction factors were fixed at their determined optimum values (8 x 10°M
TOA, 15 min. as contact time at room temperature and the pH value of the aqueous
phase of 0.8). On the other hand, the produced equilibrium data have been presented to
construct the extraction McCabe-Thiele diagram (figure 1). From the latter, 3 theoretical
stages were required for almost complete extraction of Be from the sulfate liquor
prepared from the beryl ore, Eastern Desert, Egypt.

Slope of operating line = 3

Concentration of Be in organic phase (ppm
th
=

0 100 200 Joo 400 500 600 00 a00 00 1000

Concentration of Be in agueous phase (ppm)

Fig. 1: McCabe-Thiele diagram for Be extraction.

3.2.3.2. Stripping of Be

A loaded TOA/kerosene liquor assaying 1.21g Be /I and prepared to strip beryllium was
treated with H,SO,4 solution under different conditions. The latter included the acid
concentration, the contact time and different A/O ratios.
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(i) Effect of acid concentration

A series of stripping experiments were carried out for Be stripping using H,SO, solution
of different concentrations ranging from 0.5 to 2 M at a contact time of 5 minutes and
using an O/A ratio of 1/1 at room temperature. The obtained results are tabulated in
table 9, where it is obvious that 1.5 M H,SO, gave a Be stripping efficiency of 90.7%
and which has remained almost constant thereafter.

Table (9): Effect of acid concentration on the stripping efficiency of Be.

H,SO, Conc., M Be Stripping efficiency , %
0.5 41.20

1.0 69.60
1.5 90.70
2.0 90.80

I 2.5 90.90 I

(ii) Effect of stripping time

The effect of the stripping time upon Be stripping efficiency was studied in the range
from 5 to 20 min. at 1.5M H,SO, and an O/A ratio of 1/1. From the obtained results
shown in table 10, it is found that 20 min. is sufficient as a stripping time where the
stripping efficiency exceeded 99%.

Table (10): Effect of time upon the stripping efficiency of Be.

I Contact Time, min. | Be Stripping efficiency , % I

5 90.70
10 93.60
15 96.10
20 99.65

(iii) Construction of McCabe-Thiele stripping diagram

Construction McCabe-Thiele diagram was depended on the equilibrium stripping data
under different A/O ratios using 1.5M H,SO, solution for a contact time 20 min and
represented in figure 2. From the diagram, three theoretical stripping stages would be
required for almost complete beryllium stripping.
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Fig. 2: McCabe-Thiele diagram for Be stripping.

3.2.3.3. Be product precipitation

By adding 10% NaOH solution on the beryllium strip solution, Be precipitated
completely at pH of 9 as beryllium hydroxide. After drying at 150°C, a highly pure
Be(OH), was obtained and subjected to chemical analysis using atomic absorption
spectrometry which its purity 92%.

4. CONCLUSION

The fusion method by potassium sulfate was applied for processing the beryl from
received geological sample of Eastern Desert followed by leaching of the obtained cake
in water for beryllium extraction. The best conditions of the sulfate fusion for almost
complete dissolution included 1/3 ore / salt ratio at 550 °C for 3.5 hr. From the prepared
liquor, beryllium was recovered using the tertiary amine (TOA) in kerosene. The
studied optimum extraction conditions involved 8 x 10°M TOA concentration, 1/1 O/A
ratio at a pH of 0.8 and 15 min. Beryllium was stripped by 1.5M H,SO, solution in 1/1
O/A ratio for 20 min. From the corresponding McCabe- Thiele diagrams, it was noticed
that 3 theoretical stages for each of the extraction and stripping separately were
required. From the stripped solution, beryllium was precipitated as beryllium hydroxide
at pH 9 using 10% NaOH solution. The produced beryllium hydroxide has then been
properly dried at 150 °C for 1 hr and subjected to an AAS analysis. Finally, all the
obtained results have properly been formulated in a generalized flow sheet as shown in
figure 3.
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Fig. 3: Generalized flow sheet for the processing of beryl containing geological
sample of Umm Addebaa (Eastern Desert, Egypt).

-65 -



The Bulletin of Tabbin Institute
for Metalluraical Studies (TIMS) ‘ Vol. 110, (2022) :

5. REFERENCES

[1] Zaki, E. E.; Ismail, Z. H.; Daoud, J. A. and Aly, H. F.: "Extraction equilibrium of
beryllium and aluminum and recovery of beryllium from Egyptian beryl solution
using CYANEX 921". Hydrometallurgy 80, pp. 221-231, (2005).

[2] Argentina, F. S.; Longhurst, G. R.; Shestakov, V. and Kawamura, H.: "Beryllium
R&D for fusion applications”. Fusion Engineering and Design, pp. 51-52, 23-41,
(2000).

[3] Tripathi, B. M.; Prakash, J. and Thorat, D. D.: "Statistical evaluation of ammonium
hydrofluoride process for beryllium extraction from Indian beryl ore™. J Pow Metall
Miner. 4, pp. 2-4, (2013).

[4] Saha, S.: "Hydrometallurgy of beryllium in the Indian per-spective”. Miner Process
Extr Metall Rev.13, pp. 43-52, (1994).

[5] Andreev, A.; D’yachenko, A. N. and Kraidenko, R. I.: "Fluorination of beryllium
concentrates with ammonium fluorides”. Russ J Appl Chem. 81, pp. 178-182,
(2008).

[6] Thorat, D. D.; Tripathi, B. M. and Sathiya, M. D.: "Extraction of beryllium from
Indian beryl by ammonium hydrofluoride™. Hydrometallurgy, 109, pp. 18-22,
(2011).

[7] Vidal, E. E.; Yourko, J. A. and Smith, K.: "Modern beryllium extraction: A state-of-
the-artkroll reduction”. Edited by: Neelameggham, N. R.; Alam, S.; Oosterhof, H.;
Jha, A.; Dreisinger, D. and Wang, S..: "Rare Metal Technology". Doi:
10.1002/9781119093244.ch4, (2015).

[8] Keizer, T. S. and Mc Eleskey, M.: "Beryllium: Inorganic chemistry, Encyclopedia of
inorganic chemistry". Doi:10.1002/0470862106.ia296, (2006).

[9] Hassan, M. A. and El Shatoury, H. M.: "Beryl occurrences in Egypt". Min Geol. 26,
pp. 235-262, (1976).

[10] Atrees, M. S.: "Physico-chemical studies of some Egyptian beryl ores for producing
high-grade beryllium concentrate”. Ph. D. Thesis, Fac. of Science, Helwan Univ,
Egypt, (2001).

[11] Mishra, B. and Olson, D. L.. "Beryllium. Edited by Mishra, B., Review of
Extraction, Processing, Properties & Applications of Reactive Metals". pp. 135-170,
Doi: 10.1002/97811118788417.ch4, (1999).

[12] Freeman, S.: "Occurrence and production of beryllium". Encyclopedia of inorganic
and bioinorganic chemistry. Doi: 10.1002/9781119951438.eibc2284, (2015).

[13] Hampel, C. A.. "Rare Metals Handbook". 2" edition. Reinhold Publishing
Corporation, Chapman and Hall, Ltd., London, (1961).

[14] Hutchinson, E.: “Chemistry, the elements and their reactions". 2™ edition. W. B.
Saunders Company, Philadelphia, (1964).

[15] Baba, A. A.; Olaoluwa, D. T. and Alabi, A. G. F., et al.: "Dissolution behaviour of a
beryl ore for optimal beryllium compound production”. Can Metall Q.
doi:10.1080/00084433.2017.1403107, (2017).

[16] Smithwick 11, R. W.; Bowman, D. H. and Qatts, T. J.: "Beryllium characterization
in soils by selective extraction". Talanta. 223, 121742.
Doi:10.1016/j.talanta.2020.121742, (2021).

[17] El-Yamani, I. S.; Farah, M. Y. and Abd El-Messieh, E. N.: "Studies on extraction of
beryllium by di-(2-ethylhexyl)-phosphoric acid from hydrochloric acid solutions™. J
Radioanal Chem. 45, pp. 147-153, (1978).

-66 -



El Hady, S. M. and Abdeldaym, S. M.

[18] ElI-Yamani, I. S. and Abd EI-Messieh, E. N.: "Extraction of beryllium (II) from
iodide solutions by tributyl phosphate”. J. Radioanal Chem. 129 (2), pp. 435-442.
Doi: 10.1007/BF02039840, (1989).

[19] El-Yamani, I. S.; Farah, M. Y. and Abd El-Messieh, E. N.: "Studies on extraction of
beryllium by di-(2-ethylhexyl)-phosphoric acid from sulfate media”. J Radioanal
Chem. 45, pp. 357-364, Doi: 10.1007/BF02519603, (1978).

[20] El-Yamani, I. S. and Abd EI-Messieh, E. N.: "Effect of the nature of diluent on the
extraction of beryllium by Aliquate 336 thiocyanate™. J. Radioanalytical and Nuclear
Chemistry. 86 (5), pp. 327-336, Doi: 10.1007/BF02167629, (1984).

[21] El-Yamani, I. S.; Farah, M. Y. and Abd EIl-Messieh, E. N.: "Synergism in extraction
of beryllium”. J Radioanal Chem. 45, pp. 365-371, Doi: 10.1007/BF02519604,
(1978).

[22] Ritcey, G. M. and Ashbrook, A. W.: "Solvent extraction principle and application to
process metallurgy, part 11". Elsevier scient. Publ. Co. Amsterdam, Oxford, N. Y.
2" (1984).

[23] Baba, A. A; Olaoluwa, D. T. and Balogun, A. F.; et al.: "Extraction equilibrium
conditions of beryllium and aluminum from a beryl ore for optimal beryllium
compound  production”. Can Metall Q. 58 (2), pp. 232-240,
doi:10.1080/00084433.2018.1535930, (2019).

[24] Shapiro; Leonard and Brannock, N. W.: "Rapid Analysis of Silicate, Carbonate and
Phosphate Rocks™. U. S. Geol. Surv. Bull. 1144A, Al — A65, (1962).

-67 -



